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I/ Biologie et écologie des moustiques 
1/ Biologie et cycle de vie des moustiques  
$SSDUXVLO\DSOXVGHPLOOLRQVG¶DQQpHVOHVPRXVWLTXHVRXCulicidae, appartiennent 
à la classe des insectes GH O¶HPEUDQFKHPHQW GHV arthropodes. Caractérisés par une paire 
G¶DLOHVFHVdiptères comptent plus de 3500 espèces réparties majoritairement au sein des trois 
genres principaux Aedes, Anopheles et Culex (Resh et Cardé 2003). Grâce à leurs fortes 
caSDFLWpVG¶DGDSWDWLRQHWGHYROLOVVRQWDXMRXUG¶KXLSUpVHQWVSDUWRXWGDQVOHPRQGHOjRVH
WURXYHGHO¶HDXQRQJHOpHHVVHQWLHOOHSRXUOHXUGpYHORSSHPHQW 
Les moustiques sont des insectes holométaboles. Leur développement passe par une 
phase larvaire aquatique avant le stade adulte aérien HQWUHFRXSp G¶XQH FRXUWH SKDVH
nymphale (Figure 1) (Clements 1992). Selon les genres, les femelles moustiques gravides 
SRQGHQWOHXUV°XIVGHGLIIpUHQWHVPDQLqUHV/HVRHXIVG¶Aedes sont généralement déposés  sur 
XQ VXEVWUDW KXPLGH j O¶LQWHUIDFH DLUHDX HQWUH  HW  SDU IHPHOOH  5pVLVWDQWV j OD
GHVVLFFDWLRQLOVSHXYHQWSDUIRLVSDWLHQWHUSHQGDQWSOXVG¶XQDQMXVTX¶jODSURFKDLQHPLVHHQ
eau du gîte. Les femelles du genre Culex SRQGHQWSOXVG¶XQHFHQWDLQHG¶RHXIVjODVXUIDFHGH




$SUqV O¶pFORVLRQ ODSKDVH ODUYDLUH VHGLYLVH HQquatre stades distincts séparés par trois 
mues successives. La durée de cette phase larvaire varie selon les espèces de Culicidae, la 
température du milieu, la densité larvaire ainsi que la disponibilité en nourriture. Dans les 
zones tropicales, elle ne dure que quelques jours pour des espèces telles que Aedes aegypti et 
Aedes albopictus DORUVTX¶HQ]RQHWHPSpUpH, elle peut durer plusieurs mois chez le moustique 
Aedes rusticus (Clements 1992). 
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Les larves de moustiques sont généralement considérées comme GpWULWLYRUHVELHQTX¶HOOHV 
se nourrissent aussi de micro-organismes vivants tels que les bactéries et les algues (Clements 
1992) /D QRXUULWXUH HVW DPHQpH YHUV O¶HQWUpH GX FDQDO DOLPHQWDLUH des larves par 
O¶LQWHUPpGLDLUH G¶XQH SDLUH GH EURVVHV EXFFDOHV /HV Anopheles ont tendance à rester en 
VXUIDFHHWjILOWUHUOHVILQHVSDUWLFXOHVjO¶LQWHUIDFHDLUHDX© filtreurs de surface») tandis que 
OHV ODUYHV G¶Aedes se positionnent plus en profondeur pour « brouter » les sédiments et 
collecter des particules plus grosses grâce à leurs pièces buccales  de type « brouteurs-
collecteurs ». Enfin, les larves de Culex VHQRXUULVVHQWGHIDoRQLQWHUPpGLDLUHHQILOWUDQWO¶HDX
HWHQFROOHFWDQWOHVILQHVSDUWLFXOHVSUpVHQWHVGDQVODFRORQQHG¶HDX© filtreurs-collecteurs ») 





Une fois la métamorphose accomplie, les moustiques mâles émergent en premier à la 
VXUIDFH GH O¶HDX VXLYLV GHV IHPHOOHV  j  KHXUHV DSUqV /HV DGXOWHV VH QRXUULVVHQW GH
VDFFKDULGHV JpQpUDOHPHQW WURXYpV GDQV OHV QHFWDUV YpJpWDX[ $SUqV O¶DFFRXSOHPHQW OHs 
IHPHOOHV RQW EHVRLQ SRXU OH GpYHORSSHPHQW HW OD PDWXUDWLRQ GH OHXUV °XIV G¶XQ DSSRUW
LPSRUWDQWGHSURWpLQHVTX¶HOOHVREWLHQQHQWSDUO¶LQWHUPpGLDLUHG¶XQUHSDVGHVDQJVXUXQK{WH
vertébré. Selon les espèces de moustiques, les hôtes ciblés pour le repas de sang peuvent être 
plus ou moins spécifiques. Par exemple, les femelles de Culex pipiens se nourrissent 
essentiellement sur des oiseaux (ornithRSKLOHV WDQGLV TXH G¶DXWUHV HVSqFHV FRPPH  Ae. 
Figure 1 : Cycle de développement du moustique Aedes aegypti en milieu tropical 
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albopictus ou bien An. gambiae se nourrissent sur les êtres humains et sont donc considérées 
comme anthropophiles (Salvan et Mouchet 1994, Takken et Knols 1999). La fécondation des 
°XIVVHSURGuit lors de la ponte grâce au stockage du sperme des mâles par la femelle dans 
une spermathèque. 
2/ Ecologie des gîtes larvaires. 
Les moustiques, selon leur genre et leur espèce, utilisent une grande variété écologique 
de gîtes pour le développement de leurs larves (Figure 2). Différents paramètres tels que la 
FRXOHXUO¶KXPLGLWp, ainsi que la présence de certains composés chimiques volatiles jouent un 
U{OHFUXFLDOSRXUOHFKRL[GXVLWHG¶RYLSRVLWLRQSDUOHVIHPHOOHV(Maire 1983, Serandour et al. 
2010)*pQpUDOHPHQWOHVJvWHVODUYDLUHVVRQWFDUDFWpULVpVSDUGHO¶HDXGRXFHVWDJQDQWHSOXVRX
moins riche en matière organique. Pour la plupart des espèces, les femelles pondent dans des 
JvWHVWHPSRUDLUHVOjRODSURIRQGHXUGHO¶HDXHVWSHX importante, notamment afin de limiter 
la prédation. 
$LQVLOHVPRXVWLTXHVGHO¶HVSqFHC. pipiens peuvent coloniser des milieux fortement 
pollués. Dans le sud de la France, on les rencontre dans les fosses septiques, caves, vides 
sanitaires inondés, égouts à ciel ouvert et bassins de lagunage (Gabinaud et al. 1985, Sinegre 
et al. 1988)$ O¶RSSRVpH OHVAnopheles, préfèrent coloniser des gîtes plus ruraux avec une 
eau peu chargée en matière organique. Chez les Aedes, Ae. albopictus est une espèce 
dominante en zone péri-urbaine aloUVTX¶Ae. aegypti O¶HVWSOXW{WHQPLOLHXIRUWHPHQWXUEDQLVp
Ae. aegypti colonise principalement les gîtes artificiels, comme les récipients de stockage 
G¶HDX UpFXSpUDWHXUV G¶HDX GH SOXLHV FRXSHOOHV GH SRW GH IOHXUV HW GpWULWXV DEDQGRQQpV
(pneus, bidons). Ae. albopictus quant à elle est une espèce plus opportuniste présente dans les 









II/ Les moustiques : problèmes générés et lutte 
 ?Ȁ°ǯ±± 
En plus de la gêne occasionnée par leurs piqures, les moustiques représentent le 
JURXSH G¶DUWKURSRGHV D\DQW O¶LPSDFW sanitaire et vétérinaire le plus important (Marquardt 
2005). Lorsque la femelle piquH O¶KRPPH RX XQ DQLPDO SRXU VRQ UHSDV GH VDQJ GHV
PLFURRUJDQLVPHVRXYLUXVFDXVDQWGHVPDODGLHVSHXYHQWrWUHWUDQVPLVjO¶K{WH/HSDOXGLVPH
(ou malaria en anglais) est une maladie provoquée par certains protozoaires comme 
Plasmodium falciparum. Ce parasite au cycle de vie très complexe passe une partie de sa vie 
GDQV O¶KRPPH K{WH LQWHUPpGLDLUH DYDQW GH WHUPLQHU VRQ F\FOH FKH] VRQ K{WH GpILQLWLI OH
moustique Anopheles(Q OHSDOXGLVPHDFDXVp O¶LQIHFWLRQGHSUqVGHPLOOLRQVGH
personnes et la PRUW GH SOXV GH   G¶HQWUH HOOHV (OMS 2009b) constituant une des 
SUHPLqUHVFDXVHVGHPRUWDOLWpPRQGLDOH'¶DXWUHVPDODGLHVSURYRTXpHVSDUGHVDUERYLUXVWHOV
que la dengue, fièvre jaune et chikungunya sont transmises par les moustiques Aedes. Depuis 
début 2010, une épidémie de dengue sévit en Martinique et en Guadeloupe touchant plus de 
60000 personnes et ayant causé 19 morts (source Observatoire régional de la santé en 
MarWLQLTXH$O¶vle de la Réunion, plus de 300 000 personnes ont été infectées par le virus du 
chikungunya transmis par Ae. albopictus entre 2005 et 2006 (source Observatoire régional de 
ODVDQWpGH/DUpXQLRQ8QHpWXGHDHVWLPpHQTXHSUqVGHGHODSRSXODWLRQGHO¶vOH
a été infectée par le virus (Pialoux et al. 2006). Les moustiques du genre Culex peuvent 
Figure 2 : Exemples de quelques gîtes 
larvaires. Stockage de bois (A), pots de 










également transmettre des maladies humaines et animales telles que la filariose, certaines 
encéphalites et la fièvre du Nil occidental (FNO). Plus de 120 millions de personnes sont 
DXMRXUG¶KXLLQIHFWpHVSDUODILODULRVHHWPLOOLRQVG¶HQWUHHOOHVVRQWJUDYHPHQWKDQGLFDSpHV
La filariose menace également plus de 1.3 milliard de personnes dans le monde (OMS 2009a). 
En 2000, en Camargue, la FNO a provoqué une épizootie touchant 76 chevaux dont un tiers 
VRQW PRUWV '¶DXWUHV pSLVRGHV GH )12 RQW pWp REVHUYpHV HQ (XURSH (Hubalek et Halouzka 
1999, Autorino et al. 2002) 5pFHPPHQW  O¶DXJPHQWDWLRQ GHV pFKDQJHV pFRQRPLTXHV HW
humains a causé la dispersion de certaines espèces de moustiques (Benedict et al. 2007). Ce 
phénomène est encore plus amplifié par le réchauffement global qui modifie les aires 
potentielles de répartition des moustiques et donc des maladies liées transmises par ces 
vecteurs (Patz et al. 1996, Gould et Higgs 2009). &¶HVW OH FDV GX PRXVWLTXH WLJUH Ae. 
albopictus TXL D YX VRQ DLUH GH UpSDUWLWLRQ V¶DJUDQGLU GH PDQLqUH WUqV LPSRUWDQWH GHSXLV
TXHOTXHV DQQpHV ,QLWLDOHPHQW RULJLQDLUH G¶$VLH LO HVW DXMRXUG¶KXL SUpVHQW HQ $IULque, 
Amérique et en Europe depuis les années 1990 (Pozza et Majori 1992). Sa présence en 
Europe a eu pour conséquence une épidémie de chikungunya en Italie en 2007 (Enserink 
2007, Rezza et al. 2007),OHVWpJDOHPHQWSUpVHQWHQ)UDQFHVXUOD&{WHG¶$]XUGHSXLV
R VRQ DLUH GH UpSDUWLWLRQ QH FHVVH GH V¶DJUDQGLU FKDTXH DQQpH (Delaunay et al. 2009). En 
2010, deux cas autochtones de chikungunya ont même été déclarés à Nice (La Ruche et al. 
2010). 
$XMRXUG¶KXLSHXGHYDFFLQVVRQWGLVSRQLEOHVSRXU OXWWHUFRQtre ces maladies, mise à 
part le vaccin 17-D contre la fièvre jaune considéré comme très efficace (Theiler et Smith 
1937) 'HV PpGLFDPHQWV SURSK\ODFWLTXHV H[LVWHQW SRXU OLPLWHU O¶LQIHFWLRQ SDU OH SDOXGLVPH
mais plusieurs molécules commencent à montrer leurs limites à cause du développement de 
PpFDQLVPHV GH UpVLVWDQFH FKH] OHV SDUDVLWHV $XMRXUG¶KXL VHXOH OD OXWWH FRQWUH OHV YHFWHXUV
SHUPHWG¶HQGLJXHUHIILFDFHPHQWODWUDQVPLVVLRQGHFHVPDODGLHVHWFHWWH OXWWHFRQVWLWXHGRQF




par les moustiques. A O¶pFKHOOe individuelle OHV UpSXOVLIV FKLPLTXHV VRQW DXMRXUG¶KXL WUqV
HPSOR\pVHWUHODWLYHPHQWHIILFDFHV&RPPHOHXUQRPO¶LQGLTXHFHVSURGXLWVQHUpJXOHQWSDV
les populations de moustiques mais protègent juste les humains en limitant leur contact avec 
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les insectes. Les répulsifs à base de DEET ou de pyréthrinoïdes de synthèse sont directement 
appliqués sur la peau ou servent parfois à imprégner les moustiquaires et rideaux de fenêtres 
(Faulde et al. 2010).  
La seconde approche vise à réduire de manière importante les populations de 
moustiques vectrices de maladies. Dans les pays industrialisés, de telles actions sont placées 
VRXV OD UHVSRQVDELOLWp G¶DJHQFHV JRXYHUQHPHntales spécialisées comme par exemple les 
Ententes Interdépartementales pour la Démoustication (EIDs) en France. Les premiers 
PR\HQVGHOXWWHIXUHQWO¶pOLPLQDWLRQGHFHUWDLQHV]RQHVKXPLGHVSHUPDQHQWHVRXWHPSRUDLUHV
En France et en Europe, des programmes de modifications des paysages tels que 
O¶HQGLJXHPHQWGHVFRXUVG¶HDXDSHUPLVGHUpGXLUHOHVJvWHVODUYDLUHVHWDDERXWLjO¶pUDGLFDWLRQ
du paludisme dans les années 1950 (Serandour et al. 2007). Cependant, menées seules, ces 
DSSURFKHVQHVXIILVHQWSDVHW OHPR\HQ OHSOXVHIILFDFHHW OHSOXVXWLOLVpDXMRXUG¶KXLGDQV OH
PRQGH SRXU OXWWHU FRQWUH OHV PRXVWLTXHV UHVWH O¶XWLOLVDWLRQ G¶insecticides chimiques. Les 
insecticides peuvent être utilisés en tant que larvicides ou bien en tDQWTX¶DGXOWLFLGHVVHORQOHV
espèces ciblées et le contexte local en matière de topographie des gîtes, législation et des 
PR\HQV j GLVSRVLWLRQ  /¶DSSURFKH ODUYLFLGH HVW  JpQpUDOHPHQW SUpIpUpH ORUVTXH OHV JvWHV
larvaires sont facilement identifiables et atWHLJQDEOHVWDQGLVTXHO¶XWLOLVDWLRQG¶DGXOWLFLGHVHVW
HPSOR\pHORUVTXHOHVJvWHVODUYDLUHVVRQWWURSGLIIXVGDQVO¶HVSDFHHWOHWHPSV'DQVOHFDVGHV
larvicides, les insecticides sous forme liquide ou sous forme de granulés sont directement mis 
GDQVO¶HDX/¶XWLOLVDWLRQG¶DGXOWLFLGHVTXDQWjHOOHSHXWFRQVLVWHUHQODSXOYpULVDWLRQDpULHQQH
G¶LQVHFWLFLGHVO¶DSSOLFDWLRQG¶LQVHFWLFLGHVjO¶LQWpULHXUGHVKDELWDWLRQVRXELHQO¶LPSUpJQDWLRQ
de moustiquaires (Marquardt 2005, Enayati et Hemingway 2010). 
L¶HVVor des insecticides chimiques a commencé après la deuxième guerre mondiale 
avec la découverte des propriétés insecticides du DDT (dichlorodiphényltrichloroéthane) par 
Paul Hermann Müller en 1939. De la famille des organochlorés, cet insecticide de première 
génération a rendu de nombreux services en réduisant voire en éradiquant le paludisme dans 
FHUWDLQVSD\V&HSHQGDQW VRQXVDJH LQWHQVLI HW UpSpWpD FRQGXLWj O¶DSSDULWLRQGHQRPEUHX[
cas de résistance limitant son efficacité (Hemingway et al. 2002). De plus, sa forte capacité de 
ELRDFFXPXODWLRQVDUpPDQHQFHGDQVO¶HQYLURQQHPHQWHWVDWR[LFLWpFKH]OHVPDPPLIHUHVRQW
conduit à son interdiction dans de nombreux pays (Brown 1978). Par la suite, les avancées de 
O¶LQGXVWULHFKLPLTXHHW O¶HVVRUGH O¶DJULFXOWXUH LQWHQVLYHRQWSHUPLV OHGpYHORSSHPHQWG¶XQH
GHX[LqPH JpQpUDWLRQ G¶LQVHFWLFLGHV UHSUpVentée par trois grandes familles : les 
organophosphorés (téméphos, malathion), les carbamates (carbaryl, propoxur) et les 
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pyréthrinoïdes de synthèse (perméthrine, deltaméthrine). Ces insecticides chimiques agissent 
tous au niveau du système nerveux des insHFWHV VRLW HQ EORTXDQW O¶DFpW\OFKROLQHVWpUDVH
(organophosphorés et carbamates) soit en perturbant le fonctionnement des canaux sodium 
(organochlorés et pyréthrinoïdes). Comme pour le DDT, les problèmes de résistance des 
insectes et de toxicité environnemeQWDOHRQWFRQWULEXpj O¶DUULYpHGH OD WURLVLqPHJpQpUDWLRQ
G¶LQVHFWLFLGHV3DUPLHX[VHWURXYHQWOHVUpJXODWHXUVGHFURLVVDQFHVRX IGRs (Insect Growth 
Regulators tels que le pyriproxyfène), les insecticides biologiques tels que les toxines de la 
bactérie Bacillus thuringiensis var israelensis (Bti) et les inhibiteurs de synthèse de la chitine 
(e.g. diflubenzuron). Ces insecticides sont souvent plus spécifiques et sont donc moins 
GDQJHUHX[SRXUO¶HQYLURQQHPHQWHWO¶KRPPH(QUHYDQFKHOHXUFRWHVWEHDXFRXSSOXVpOHYp
HW OH PrPH QLYHDX G¶HIILFDFLWp TX¶DYHF OHV LQVHFWLFLGHV GH GHX[LqPH JpQpUDWLRQ HVW SDUIRLV
GLIILFLOH j DWWHLQGUH (Q )UDQFH OHV VHXOV LQVHFWLFLGHV DXWRULVpV DXMRXUG¶KXL VRQW OH ELR-
larvicide Bti HWOHVS\UpWKULQRwGHVGHV\QWKqVHHQWDQWTX¶DGXOWLFLGHV0rPHVLOHBti présente 
des avantages indéniables comparé aux insecticides chimiques, son coût, sa production en 
masse difficile ainsi que les difficultés opérationnelles liées à son utilisation sont autant 
G¶DUJXPHQWVTXLJDUDQWLVVHQWXQFHUWDLQDYHQLUSRXUOHVLQVHFWLFLGHVFKLPLTXHV. Le DDT en est 
un bon exemple puisque malgré son interdiction dans de nombreux pays industrialisés, il est 
encore SUpFRQLVpDXMRXUG¶KXLSDUO¶2UJDQLVPH0RQGLDOHGHOD6DQWp206SRXUODOXWWHDQWL-
vectorielle (OMS 2009b).  
$XMRXUG¶KXL O¶HQVHPEOH GHV molécules chimiques disponibles sur le marché sont 
toutes menacées par les phénomènes de résistance des moustiques aux insecticides. Dans 
O¶DWWHQWH GH QRXYHOOHV PROpFXOHV insecticides, la priorité actuelle consiste donc à optimiser 
l¶efficacité  des insecticides existants et à prolonger leur durée de vie en limitant au maximum 
les phénomènes de résistance. 8QH WHOOH DSSURFKH UHSRVH WRXW G¶DERUG VXU  une meilleure 








III/ Des insectes qui résistent 
 ?Ȁ±ǡ°ǯ 
 Le terme pesticide désigne les préparations contenant une ou plusieurs substances 
actives utilisées pour repousser ou éliminer les organismes nuisibles. Elles permettent de 
lutter entre autres contre les insectes (insecticides), champignons (fongicides) et mauvaises 
herbes (herbicides). &HSHQGDQW OHXUHIILFDFLWpHVWPHQDFpHSDU O¶DXJPHQWDWLRQglobale de la 
résistance aux pesticides générant de nombreux problèmes au niveau sanitaire mais aussi 







La résistance aux pesticides est une caractéristique héritable G¶XQH HVSqFH
permettant sa survie et sa reproduction à des doses de pesticides létales pour la plupart des 
individus de type sensible de cette même espèce. Les phénomènes de résistance aux pesticides 
sont très rapidement apparus après les premières appliFDWLRQV G¶LQVHFWLFLGHV (Lindquist et 
Wilson 1948) RXG¶KHUELFLGHV(Ryan 1970). Ainsi, la résistance au DDT chez les moustiques 
est apparue en Floride dès 1947, seulement un an après les premières utilisations de cet 
insecticide organochloré (Hemingway et Ranson 2000). La résistance aux pesticides touche 
DXMRXUG¶KXLWRXWHVOHVFDWpJRULHVGHSHVWLFLGHVHWGHQXLVLEOHVFigure 3) majoritairement dans 
les pays où leur utilisation est intensive. 
Figure 3 : Développement de la 
résistance aux pesticides chez les 
insectes, pathogènes de plantes 
(parasites et champignons) et 




'¶XQSRLQWGHYXH IRQGDPHntal, ce phénomène offre aux scientifiques des exemples 
UpFHQWV G¶adaptations rapides à une forte pression de sélection $LQVL O¶pWXGH GH OD
résistance aux pesticides permet une meilleure compréhension des processus adaptatifs et de 
O¶pYROXWLRQGHVSRSXODtions sur des pas de temps très courts au regard du temps évolutif. 
 
2/ Les mécanismes de résistances aux insecticides chez les 
moustiques 
Trois termes sont employés pour décrire les patrons de résistance des insectes aux 
insecticides: résistance croisée, résistance multiple et résistance multiplicative (Nikou 2003). 
4XDQGXQHJqQHPXWDWLRQHVWUHVSRQVDEOHGHODUpVLVWDQFHjSOXVLHXUVIDPLOOHVG¶LQVHFWLFLGHV
on parle de résistance croisée8QWHOSKpQRPqQHV¶REVHUYHJpQpUDOHPHQWHQWUHGHVPROpFXOHV
D\DQW OH PrPH VLWH G¶DFWLRQ 3DU H[HPSOH OHV RUJDQRSKRVSKRUpV HW les carbamates ont des 
FLEOHV HW GHV PRGHV G¶DFWLRQV UHODWLYHPHQW VLPLODLUHV HW OD UpVLVWDQFH j XQH IDPLOOH HQWUDvQH
VRXYHQW XQH UpVLVWDQFH j O¶DXWUH /D résistance croisée désigne également la résistance à 
SOXVLHXUV LQVHFWLFLGHV DYHF GHV PRGHV G¶DFWLRQ GLfférents mais qui sont métabolisés par les 
mêmes enzymes (Lepoivre 2003). La résistance multiple est la résistance conférée par 
plusieurs mécanismes de résistances chez un insecte. Par exemple, un insecte possédant deux 
PXWDWLRQV GLVWLQFWHV TXL OH UHQGHQW UpVLVWDQW j GHX[ IDPLOOHV G¶LQVHFWLFLGHV DYHF GHV PRGHV
G¶DFWLRQGLIIpUHQWV(Perera et al. 2008). Enfin, la résistance multiplicative désigne le fait que 
le niveau de résistance conféré par plusieurs mécanismes de résistances aux insecticides chez 
un insecte sera plus élevé que la somme des niveaux de résistance conférée par ces mêmes 
mécanismes isolés (Hardstone et al. 2009). Autrement dit, les mécanismes de résistances 
peuvent agir en synergie. 
Plusieurs types de mécanismes de résistance des moustiques aux insecticides ont été 
identifiés. Ils peuvent être soit comportementaux, soit liés à des modifications physiologiques 
(cuticulaire et métabolique) ou bien liés à la mutation de la protéine cible GH O¶LQVHFWLFLGH 
(Figure 4). Cependant ces mécanismes ne semblent pas être les seuls impliqués dans la 
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2-1/ Résistance comportementale 
 8QH PRGLILFDWLRQ GX FRPSRUWHPHQW HQ UpSRQVH j O¶H[SRVLWLRQ DX[ LQVHFWLFLGHV SHXW
FRQGXLUHjXQHPHLOOHXUHVXUYLHGHVLQVHFWHV/¶LQVHFWHLUULWpSDUO¶LQVHFWLFLGHV¶HQYROHSOXVRX
PRLQVUDSLGHPHQWGHVVXUIDFHVWUDLWpHV0rPHVL O¶K\SHU-irritabilité peut raOHQWLU O¶DSSDULWLRQ
GH SRSXODWLRQV UpVLVWDQWHV HOOH GLPLQXH QpDQPRLQV O¶HIILFDFLWp GHV WUDLWHPHQWV LQVHFWLFLGHV
(Hamon 1963). Une étude a montré que certaines mouches domestiques évitaient le contact 
avec le matériel contaminé par des insecticides (Hayes et Wolf 1990). Des pulvérisations 
UpSpWpHV G¶LQVHFWLFLGHV j O¶LQWpULHXU GHV KDELWDWV © indoor residual spraying » ou IRS) en 
Thaïlande pourraient avoir transformé le régime endophile et anthropophile des femelles du 
moustiqueAnopheles minimus vers un régime plus exophile et zoophile (Green et al. 1990). 
Cependant, ce type de mécanisme de résistance reste relativement difficile à étudier et peu 
G¶pWXGHVVRQWGLVSRQLEOHV 
2-2/ Résistance cuticulaire 
 (OOH GpVLJQH WRXWH PRGLILFDWLRQ FKLPLTXH GH OD FXWLFXOH GH O¶LQVHFWH HQWUDvQDQW XQH
UpGXFWLRQ GH OD SpQpWUDWLRQ GH O¶LQVHFWLFLGH GDQV O¶RUJDQLVPH DERXWLVVDQW j XQH Peilleure 
Figure 4 : Principaux mécanismes de résistances aux insecticides chimiques chez les insectes. 
16 
 
survie des individus. La cuticule est un milieu biologique complexe ayant des propriétés 
physico-chimiques particulières, notamment une très forte lipophilie. Ces caractéristiques en 
font un acteur potentiellement important de la résistance aux insecticides chimiques, car les 
molécules utilisées sont souvent très hydrophobes et agissent par contact. Des cas de 
résistance cuticulaire ont été rapportés dans des souches de Musca domestica (Plapp 1984) et 
de moustiques du genre Culex (Apperson et Georghiou 1975). Plus récemment, la sur-
transcription des gènes cuticulaires CPLC8 et CPLC# GDQV XQH VRXFKH G¶An. gambiae, 
suggérant leur rôle potentiel dans la résistance de cette souche aux pyréthrinoïdes (Awolola et 
al. 2009). Dans une autre étude, des mesures par microscopie à balayage électronique ont 
montré une plus grande épaisseuUGHFXWLFXOHFKH]XQHVRXFKHG¶An. funestus résistante aux 
pyréthrinoides comparée à une souche sensible (Wood et al. 2010).  Seul, ce mécanisme offre 
des niveaux de résistance faible comparé aux autres mécanismes physiologiques mais 
combiné à des mécanismes de détoxication, il est suceptible de générer des niveaux de 
résistance beaucoup plus importants  (Résistance multiplicative). Ainsi, il a été suggéré que ce 
phénomène pouvait être impliqué et agir de concert avec une augmentation de la résistance 
métabolique chez des moustiques du genre Anopheles résistants aux pyréthrinoïdes (Djouaka 
et al. 2007, Vontas et al. 2007, Djouaka et al. 2008). 
2-3/ Résistance par modification des cibles 
 8QH PRGLILFDWLRQ GH OD FRQIRUPDWLRQ GH OD SURWpLQH FLEOH GH O¶LQVHFWLFLGH SHXW
GLPLQXHU OD FDSDFLWp GH IL[DWLRQ GH FH GHUQLHU HW GRQF VRQ HIIHW (OOH V¶H[SOLTXH SDU OD
VXEVWLWXWLRQG¶XQRXGHSOXVLHXUVDFLGHVDPLQpVGDQVODVpTuence protéique de la protéine 
cible suite à une mutation non synonyme (ffrench-Constant et al. 2004). Trois cibles 
principales, au niveau du système nerveux, sont décrites dans la littérature : les mutations de 
O¶DFpW\OFKROLQHVWpUDVH $&K( GX UpFHSWHXU *$%$ HW GX FDQDO VRGLXP YROWDJH GpSHQGDQW
(Figure 5). Dans la plupart des cas, le site conférant la résistance à une ou plusieurs familles 
G¶LQVHFWLFLGHV HVW FRQVHUYp FKH] XQ JUDQG QRPEUH G¶HVSqFHV QRQ DSSDUHQWpHV (ffrench-
Constant et al. 1998, ffrench-Constant et al. 2004). 
- 0RGLILFDWLRQGHO¶DFpW\OFKROLQHVWpUDVH$&K( :  
 /¶DFpW\OFKROLQHVWpUDVH, codée par le gène Ace-1, est la cible des insecticides de type 
RUJDQRSKRVSKRUpV23HWFDUEDPDWHV&HVLQVHFWLFLGHVVHIL[HQWVXUO¶HQ]\PHTXLQ¶HVWDORUV
SOXV FDSDEOH GH GpJUDGHU O¶DFpW\OFKROLQH LQWHU-synaptique. Le signal transmis par le 




1) sur ce gène telles que G119S ont été retrouvées chez de nombreux moustiques tels que Cx. 
pipiens (Raymond et al. 1985, Raymond et al. 1986, Bonning et Hemingway 1991), Cx. 
quinquefasciatus (Bisset et al. 1990), Cx. tritaeniorhynchus (Takahashi et Yasutomi 1987), 
An. albimanus (Ayad et Georghiou 1975) et An. gambiae (Weill et al. 2003) leur conférant 
une résistance accrue aux OPs et aux carbamates. 
-  Modification du récepteur GABA :  
/HUpFHSWHXUjO¶DFLGHȖ-aminobutyrique (GABA) codé par le gène rdl est la cible des 
cyclodiènes, de certains organochlorés (lindane) et des phénylpyrazoles (Fipronil). La fixation 
du GABA sur son récepteur régule le passage des ions chlorures à travers la membrane 
synaptique. Les cyclodiènes en se fixant sur le récepteur au GABA, bloquent le passage des 
LRQVFKORUXUHVHQWUDvQDQWXQHK\SHUH[FLWDWLRQVXLYLHGHODPRUWGHO¶LQVHFWH8QHPXWDWLRQVXU
le gène rdl HQWUDvQDQWODVXEVWLWXWLRQGHO¶DODQLQHHQVHULQHHQSRVLWLRQ(Ffrench-Constant 
et al. 1993) ou glycine (Hosie et al. 1997) conduit à une meilleure résistance aux cyclodiènes 
(Bass et al. 2004). Cette mutation (mutation rdl) a été retrouvée entre autre chez les 
moustiques Ae. aegypti (Thompson et al. 1993), An. gambiae (Brooke et al. 2006) et la 
mouche domestique M. domestica (Anthony et al. 1991). 
- Modification du canal à sodium voltage dépendant :  
Le canal à sodium voltage dépendant est la cible des pyréthrinoïdes et de 
O¶RUJDQRFKORUp ''7 /D IL[DWLRQ GH O¶LQVHFWLFLGH VXU OH FDQDO HQWUDLQH VRQ RXYHUWXUH HW XQH
K\SHUH[FLWDWLRQ QHXURQDOH VH WUDGXLVDQW SDU XQ SKpQRPqQH GH SDUDO\VLH GH O¶LQVHFWH HIIHW
« knock down ») qui peut conduire à sa mort. Chez les moustiques, plusieurs mutations de ce 
gène (mutations kdr pour « knock down resistance ») telles que L1014P et L1014S dans le 
segment S6 du domaine II de la protéine confèrent une résistance accrue aux pyréthrinoïdes. 
(Q$IULTXHGH O¶RXHVW ODPXWDWLRQ L1014P est fréquemment retrouvée dans les populations 
G¶An. gambiae (Martinez-Torres et al. 1998) DORUV TXH O¶DXWUH PXWDWLRQ VHUD SOXV IUpTXHQWH
FKH]OHVSRSXODWLRQVG¶$IULTXHGHO¶HVWHWGHC. pipiens en Chine (Martinez-Torres et al. 1999, 
Hemingway et Ranson 2000). En OuJDQGDGHO¶HVWODPXWDWLRQL1014S a été retrouvée chez 
XQH VRXFKH G¶An. gambiae résistante au DDT et aux pyrethrinoïdes (Ramphul et al. 2009). 
'¶DXWUHVPXWDWLRQVkdr RQWpWpLGHQWLILpHVFKH]OHVPRXVWLTXHVDLQVLTXHFKH]G¶DXWUHVLQVHFWHV













2-4/ Résistance métabolique 
 La résistance métabolique se traduit par une augmentation du métabolisme 
GHV LQVHFWLFLGHV JpQpUDOHPHQW SDU GHV IDPLOOHV G¶HQ]\PHV j ODUJH VSHFWUH GH VXEVWUDWV &HV
HQ]\PHV GLWHV GH GpWR[LFDWLRQ VRQW SUpVHQWHV GDQV O¶HQVHPEOH GX UqJQH DQLPDO HW YpJpWDO
/¶augmentation du métabolisme des insecticides peut être due soit à une augmentation de la 
SURGXFWLRQ G¶XQH RX GH SOXVLHXUV HQ]\PHV GH GpWR[LFDWLRQ H[LVWDQWH soit à un meilleur 
métabolisme GH O¶LQVHFWLFLGH suite à une mutation G¶XQH RX GH SOXVLHXUV HQ]\PHV Ce 
SKpQRPqQH VH WUDGXLW SDU XQH GLPLQXWLRQ GH OD TXDQWLWp G¶LQVHFWLFLGH DWWHLJQDQW OD FLEOH HW
GRQF j XQH DXJPHQWDWLRQ GH OD WROpUDQFH GH O¶LQVHFWH &KH] OHV PRXVWLTXHV WURLV JUDQGHV
IDPLOOHV G¶HQ]\PHV GH GpWR[LFDWLRQ RQW pWp IUpTXHPPHQW LPSOLTXpHV GDQV Oa résistance aux 
insecticides: Les monooxygénases à cytochrome P450 (CYPs), les glutathion S-transférases 
(GSTs) et les carboxylestérases (COEs) (Hemingway et al. 2004). Leurs caractéristiques et 
fonctions sont détaillées dans le paragraphe suivant. 
 
  
Figure 5: Modes d'actions des principaux 
insecticides chimiques agissant au niveau 
du système nerveux (Pennetier 2008). 
19 
 
3/ Les enzymes de détoxication 
 Dans leur environnement, les insectes sont confrontés à un grand nombre de molécules 
G¶RULJLQHV QDWXUHOOHV RX DQWKURSLTXHV &HV FRPSRVpV étrangers j O¶RUJDQLVPH 
(xénobiotiques) peuvent être des composés végétaux comme par exemple les tannins, 
coumarines ou alkaloïdes mais également des pesticides, métaux lourds, polluants organiques 
HW PpGLFDPHQWV &HV FRPSRVpV WR[LTXHV RX QRQ  YRQW SpQpWUHU GDQV O¶Rrganisme et se 
distribuer au sein des différents tissus et organes selon leurs caractéristiques physico-
FKLPLTXHV OLSRSKLOLH FRPSRVLWLRQ FKLPLTXH FKDUJH HWF $X VHLQ GH O¶RUJDQLVPH LOV YRQW
subir des processus de biotransformation, impliquant généralement des enzymes à large 
spectre de substrats (Xu et al. 2005). Dans la majorité des cas, ce processus aboutit à des 
métabolites plus polaires et donc plus faciles à excréter SDU O¶RUJDQLVPH /HV UpDFWLRQV GH
biotransformation des xénobiotiques peuvent être séparées en deux phases distinctes (Jakoby 
et Ziegler 1990, van der Oost et al. 2003) (Figure 6). 
Les réactions de phase I RXGHIRQFWLRQQDOLVDWLRQVRQWGHVUpDFWLRQVG¶R[\GDWLRQGH




des liaisons esters présentes dans certains insecticides et notamment des organophosphorés 
(Peiris et Hemingway 1993)$XMRXUG¶KXLLODSSDUDLWpYLGHQWTXHG¶DXWUHVHQ]\PHVFDWDO\VDQW
GHVUpDFWLRQVG¶R[\GDWLRQGHUpGXFWLRQG¶K\GURO\VHHWF«VRQWDXVVLVXVFHSWLEOHVG¶LQWHUYHQLU
dans cette phase. 
Les réactions de phase II RX GH FRQMXJDLVRQ VRQW GHV UpDFWLRQV G¶DGGLWLRQ G¶XQH
molécule endogène hydrosoluble sur les  xénobiotiques ou leurs métabolites.  Parmi les  
VXEVWUDWV HQGRJqQHV FRQMXJXpV RQ SHXW FLWHU OH JOXWDWKLRQ O¶DFLGH JOXFRURQLTXH OHV Dcides 
DPLQpVFRPPH ODJOXWDPLQH ODJO\FLQH OHV VXFUHVHWF«&KDTXH W\SHGHVXEVWUDW HQGRJqQH
IDLWLQWHUYHQLUXQHIDPLOOHG¶HQ]\PHVSHFLILTXH3DUH[HPSOHODFRQMXJDLVRQG¶XQHPROpFXOH
avec le glutathion est catalysée par les glutathion S-transférases tandis que O¶XULGLQH
diphosphate glucuronyl-WUDQVIpUDVH FRQMXJXH O¶DFLGH JOXFXURQLTXH (Vessey et Zakim 1974, 













Un xénobiotique ne sera pas forcément pris en charge par les deux phases. Il peut aussi 
être directement éliminé ou juste pris en charge par des enzymes de phase I ou de phase II. 
/¶HQVHPEOHGHFHVUpDFWLRQVSHXWDXVVLDERXWLUjODIRUPDWLRQGHPpWDEROLWHVSOXVWR[LTXHVTXH
la molécule initiale. AinsL FHV PpFDQLVPHV  DERXWLVVHQW SDUIRLV j OD IRUPDWLRQ G¶HVSqFHV
UpDFWLYHV GH O¶R[\JqQH 526 RX j GHV FRPSRVpV pOHFWURSKLOHV VXVFHSWLEOHV GH VH OLHU DX[











Figure 6 : Les différentes phases théoriques des processus de biotransformation enzymatiques. 




%HDXFRXSG¶pWXGHVWUDLWant des mécanismes de détoxication chez les mammifères ont 
mis en évidence un grand nombre de familles enzymatiques impliqués (Figure 7) (Hines et 
McCarver 2002, McCarver et Hines 2002, Limon-Pacheco et Gonsebatt 2009). Chez les 
insectes, certaines de ces enzymes de détoxication sont connues pour jouer un rôle important 
GDQV OHXU UpVLVWDQFH DX[ LQVHFWLFLGHV FKLPLTXHV 7URLV JUDQGHV IDPLOOHV RQW IDLW O¶REMHW
G¶pWXGHVSOXVDSSURIRQGLHVHWVRQWWUDLWpHVGDQs les paragraphes suivants. 
 
3-1/ Enzymes à cytochrome P450 (CYPs) 
 
 Les enzymes à cytochrome P450 (CYPs ou gènes CYPs), représentent une 
VXSHUIDPLOOH G¶HQ]\PHV PXOWLIRQFWLRQQHOOHV TXH O¶RQ UHQFRQWUH FKH] WRXV OHV RUJDQLVPHV
(Nelson et al. 1993). Elles sont impliquées dans un grand nombre de mécanismes 
métaboliques tels que le métabolisme de composés endogènes (hormones stéroïdes, acide 
gras) ainsi que dans le métabolisme de certains xénobiotiques tels que les médicaments, 
pesticides, polluants et toxines végétales (enzymes de détoxication) (Scott 1999). La 
GpFRXYHUWHHQG¶XQSLJPHQWPLFURVRPDOKpSDWLTXHDEVRUEDQW IRUWHPHQWjQPXQH
IRLVUpGXLWHWVDWXUpDYHFGXPRQR[\GHGHFDUERQHHVWjO¶RULJLQHGHOHXUQRP(Garfinkel 1958, 
Klingenberg 1958) 6L[ DQQpHV SOXV WDUG FHV SLJPHQWV VHURQW LGHQWLILpV HQ WDQW TX¶
hémoprotéines et appelés « cytochrome P450 » par Omura et Sato (Omura et Sato 1964). A 
FDXVHGHVGLIIpUHQWHVUpDFWLRQVTX¶HOOHVFDWDO\VHQWplusieurs termes existent dans la littérature 
comme  monooxygénases à cytochrome P450 (CYPs) ou bien oxydases à fonctions multiples 
(Scott 1999). 
- Caractéristiques générales et fonctionnement des CYPs 
Les CYPs sont des protéines membranaires à hème-thiolate localisées dans le 
réticulum endoplasmique et la mitochondrie chez les eucaryotes (Feyereisen 2005). Les CYPs 
PLWRFKRQGULDX[XWLOLVHQWFHSHQGDQWXQV\VWqPHGHWUDQVIHUWG¶pOHFWURQVGLIIpUHQWVGHFHX[GX
réticulum, les rendant plus proches des CYPs solubles et primitifs de bactéries (Scott 1999). 
Ces hémoprotéines sont impliquées dans plus de 60 réactions différentes mais leur rôle de 
PRQRR[\JpQDVHVUHVWHOHSOXVFRQQX/HVPRQRR[\JpQDVHVFDWDO\VHQWOHWUDQVIHUWG¶XQDWRPH
G¶XQHPROpFXOHG¶R[\JqQHVXUOHVXEVWUDWHQUpGXLVDQWO¶DXWUHDWRPHHQHDXFigure 8).  Pour 
fonctionner, un CYP a besoin de partenaires redox (Feyereisen 2005). Le premier est la 
NADPH cytochrome P450 réductase contenant deux co-facteurs flaviniques : la flavine 
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adénine dinucléotide et la flavine mononucléotide. Elle est entourée de plusieurs CYPs à qui 
elle fournit les électrons. Un autre partenaire redox possible est le cytochrome b5 (Cyt b5), 
petite hémoprotéine membranaire transporteuse G¶pOHFWURQV /¶HIIHW GX &\W E SHXW YDULHU 
selon les substrats HWQ¶HVWSDVIRUFpPHQWREOLJDWRLUH(Schenkman et Jansson 2003, Murataliev 







Une des caractéristiques majeures des CYPs est leur largH VSHFWUH G¶DFWLYLWpV
catalytiques &KH] O¶KXPDLQ &<3$ SHXW PpWDEROLVHU SOXV GH  VXEVWUDWV (Rendic et 
DiCarlo 1997), CYP2D6, plus de 30 médicaments (Guengerich 1995) DORUVTXH&<3$Q¶D
TX¶XQ VXEVWUDW connu. De plus, plusieurs CYPs peuvent métaboliser le même substrat 
WpPRLJQDQW G¶XQH UHGRQGDQFH IRQFWLRQQHOOH $LQVL O¶pWXGH GX rôle des CYPs dans la bio-
GpJUDGDWLRQ GHV [pQRELRWLTXHV HVW G¶DXWDQW SOXV FRPSOLTXpH SXLVTXH XQ VLPSOH FKDQJHPHQW
G¶DFLGH-aminé dans leur séquence protéique peut modifier leur spécificité de substrat 
(Lindberg et Negishi 1989).  
- Nomenclature des CYPs 
A cause du grand nombre de CYPs représentés au sein des espèces, une classification 
FODLUH HW IRQFWLRQQHOOH V¶HVW LPSRVpH La première nomenclature des CYPs a été établie en 
DORUVTX¶LOQ¶\DYDLWTXHVpTXHQFHVFRQQXHV (Nebert et al. 1987). Cette classification a 
ensuite évoluée SRXU DUULYHU j FHOOH XWLOLVpH DXMRXUG¶KXL /HV JqQHV FRGDQWV SRXU GHV CYPs 
sont désignés par le préfixe CYP suLYL G¶XQ QXPpUR FRUUHVSRQGDQW j OD IDPLOOH SXLV G¶XQH
lettre pour la sous-IDPLOOH HW HQILQ G¶XQ QXPpUR SRXU OH JqQH /HV GLIIpUHQWHV YHUVLRQV
DOOpOLTXHVG¶XQPrPHJqQHVRQWGLIIpUHQFLpHVDYHFXQ LQGLFHYYHWF«H[ : CYP6B1v2) 
(Feyereisen 1999). 
Figure 8 : )RQFWLRQQHPHQW VLPSOLILp GH O¶R[\GDWLRQ G¶XQ [pQRELRWLTXH 5+ SDU OHs 
monooxygénases à cytochromes P450. 
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 Les CYPs sont classés en fonction de 
leur séquence protéique (Figure 9). Plus 
SUpFLVpPHQW OH SRXUFHQWDJH G¶DFLGHV DPLQpV
identiques ainsi que les relations 
phylogénétiques sont utilisés. Les CYPs qui 
appartiennent à la même famille doivent 
SUpVHQWHU DX PRLQV  G¶DFLGHV DPLQpV
identiques et plus de 55% pour appartenir à la 
même sous famille. 
 
- CYPs G¶LQVHFWHVHWUpVLVWDQFHVDX[LQVHFWLFLGHV 
La taille des familles de CYPs varie en fonction des espèFHV G¶LQVHFWHV &KH] OD
majorité des insectes, le génome compte une centaine de CYPs. Par exemple chez Drosophila 
melanogaster, An. gambiae et Ae. aegypti, 86, 105 et 160 gènes codant pour des CYPs (ou 
CYPs) ont été identifiés respectivement (Tijet et al. 2001, Ranson et al. 2002, Strode et al. 
2008) $ FRQWUDULR FKH] G¶DXWUHV HVSqFHV comme  Pediculus humanus humanus et Apis 
mellifera, seulement 37 et 46 CYPs ont été décrits  (Claudianos et al. 2006, Lee et al. 2010). 
Chez la plupart des insectes, plus de la moitié des CYPs appartiennent aux familles CYP4 et 
CYP6 (clades 3 et 4). 
Les CYPs peuvent être impliqués dans le métabolisme de molécules de signalisation 
endogènes, notamment des hormones. Ainsi, les gènes CYP DSSHOpV ³+DOORZHHQ´ chez la 
drosophile codent pour des CYPs impliqués dans la biosynthèse des ecdysteroïdes. Ces 
hormones stéroïdes contrôlent les mues larvaires ainsi que la transition de la larve en nymphe 
puis en adulte (Rewitz et al. 2006). Contrairement aux CYPs impliqués uniquement dans la 
détoxication des xénobiotiques, ces enzymes sont vitales puisque une inactivation de ces 
gènes entraîne de graves perturbations du developpement, en particulier lors des transitions de 
stades larvaires, nymphal et adulte. Ces CYPs sont en général fortement conservés au cours 
de O¶pYROXWLRQ Chez Drosophila melanogaster, quatre CYPs (CYP306A1, CYP302A1, 
Figure 9: Les CYPs G¶LQVHFWHV DOLJQpV DYHF GHV
CYPs de vertébrés sont regroupés en quatre clades. 
Ces quatres clades existaient avant la divergence de 
la classe des insectes. Dans chaque clade sont 




CYP315A1 et CYP314A1) catalysent les quatre hydroxylations finales qui aboutissent à la 
formation de O¶KRUPRQHDFWLYH 20-hydroxyecdysone (Warren et al. 2002, Petryk et al. 2003, 
Niwa et al. 2004, Warren et al. 2004). Les orthologues de ces gènes (AgCYP302A1, 
AgCYP315A1 et AgCYP314A1) sont impliqués dans les mêmes mécanismes chez An. 
gambiae (Pondeville et al. 2008). '¶DXWUHV CYPs permettent de réguler les niveaux 
G¶KRUPRQHV MXYpQLOHV (Feyereisen 1999). Cela a été montré entre autres chez la blatte où 
CYP4C7, spécifiquement exprimé dans les corpora allata, métabolise certains terpénoïdes 
GRQW O¶KRUPRQH -XYpQLOH ,,, (Sutherland et al. 1998). Ces hormones contrôlent le 
développement larvaire tout en bloquant la mue (Berger et Dubrovsky 2005). Certains 
insecticides de type « Insect Growth Regulators ª ,*5V LPLWHQW G¶DLOOHXUV O¶DFWLRQ GH ces 
KRUPRQHV EORTXDQW DLQVL OD FURLVVDQFH GH O¶LQVHFWH DX VWDGH ODUYDLUH (QILQ GHV CYPs sont 
également impliqués dans le métabolisme des acides gras (Feyereisen 1999). 
'¶DXWUHV CYPs sont impliqués dans le métabolisme de nombreux composés exogènes 
SRWHQWLHOOHPHQW WR[LTXHV SRXU O¶RUJDQLVPH Ces CYPs (enzymes de détoxication) à large 
spécificité de substrats ont une évolution rapide. Leur rôle dans la défense des insectes contre 
les composés allélochimiques de plantes est bien documenté (Brattsten et al. 1977, Frank et 
Fogleman 1992). Chez le papillon Papilio polyxenes se nourrissant sur des plantes riches en 
xanthotoxines, CYP6B1 joue  un rôle important dans la détoxication et la tolérance aux 
composés allélochimiques (Ma et al. 1994, Wen et al. 2003). 
Les CYPs impliqués dans la détoxication sont le sujet de nombreuses études pour leur 
rôle dans la résistance des insectes aux insecticides. Une première approche permettant de 
mettre en évidence leur rôle potentiel dans le métabolisme GHVLQVHFWLFLGHVHVWO¶XWLOLVDWLRQGH
composés inhibiteurs des CYPs, synergistes GHO¶DFWLRQGHVLQVHFWLFLGHVWHOs que le pypéronil 
butoxyde (PBO). En réalisant des tests toxicologiques (bioessais) sur des souches sensibles et 
UpVLVWDQWHV HQ SUpVHQFH RX QRQ GH 3%2 LO HVW DORUV SRVVLEOH GH UHOLHU O¶DXJPHQWDWLRQ GH
UpVLVWDQFH j O¶LQVHcticide avec les activités des CYPV '¶DXWUHV DSSURFKHV ELRFKLPLTXHV
utilisant des substrats connus de CYPs comme la 7-ethoxycoumarine ou la 7-ethoxyresofurine 
SHUPHWWHQWG¶HVWLPHU OHVDFWLYLWpV © globales » de ces enzymes (Desousa et al. 1995). Enfin, 
les récentes avancées moléculaires telles que les puces à ADN SHUPHWWHQW DXMRXUG¶KXL
G¶LGHQWLILHUSDUXQHDSSURFKHJOREDOHOHVJqQHVGLIIpUHQWLHOOHPHQWWUDQVFULWVFKH]OHVVRXFKHV
résistantes et donc potentiellement impliquées dans le métabolisme des insecticides, 
notamment chez les moustiques  (David et al. 2005, Strode et al. 2008). 
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Nombreuses sont les études qui ont montré des niveaux plus élevés de CYPs corrélés à 
la résistance des insectes aux insecticides. Ces niveaux plus élevés peuvent être liés à 
O¶DPSOLILFDWLRQGHJqQHV(Wondji et al. 2009) ou bien à une modification de la régulation de 
leur expression (Daborn et al. 2002). Cependant, seules quelques études ont pu démontrer la 
capacité de certains CYPs à métaboliser des insecticides par des approches fonctionnelles. 
Globalement, les familles CYP6 et CYP9 semblent posséder le plus grand nombre de 
candidats potentiellement impliqués dans la métabolisation des insecticides (Daborn et al. 
2002, David et al. 2005, Muller et al. 2007, Chiu et al. 2008, Strode et al. 2008). Chez D. 
melanogaster par exemple, la surexpression de CYP6G1 confère la résistance au DDT, 
nitenpyram et dicyclanil, celle de CYP6G2 au nitenpyram et diazinon et enfin la surexpression 
de CYP12D1 augmente la résistance des drosophiles au DDT et dicyclanil (Daborn et al. 
2002, Daborn et al. 2007). La surexpression des CYPs CYP6A1, CYP6D1 et CYP12A1 
confère la résistance entre autres aux pyréthrinoïdes, organophosphorés chez M. domestica 
(Andersen et al. 1994, Guzov et al. 1998, Kasai et Scott 2000). Récemment chez An. gambiae, 
il a été montré que CYP6Z1 est capable de métaboliser le DDT (Chiu et al. 2008) tandis que 
CYP6P3 est capable de métaboliser les pyréthrinoïdes (Muller et al. 2008b). 
- 5pJXODWLRQGHO¶H[SUHVVLRQGHVCYPs 
Les patrons G¶H[SUHVVLRQ GHV CYPs chez les insectes peuvent être très variables au 
niveau tissulaire et temporel (Feyereisen 1999, Scott 1999, Feyereisen 2005). Par exemple, 
CYP6B2 chez Helicoverpa  armigera est spécifiquement exprimé chez la larve (Ranasinghe et 
al. 1997) tandis que CYP6Z1 semble spécifique du stade adulte chez An. gambiae (Nikou et 
al. 2003). Chez la drosophile, CYP4D21 est un gène GRQW O¶H[SUHVVLRQ varie au cours des 
rythmes circadiens (Claridge-Chang et al. 2001). Chez la drosophile, CYP6G1, qui est 
impliqué dans la résistance au DDT, est préférentiellement transcrit dans le canal alimentaire 
et les tubes de Malpighi (Chung et al. 2007, Yang et al. 2007). Chez Tribolium castaneum un 
CYP spécifique du cerveau (CYP6BQ9) est capable de métaboliser le pyréthrinoïde 
deltamethrine (Zhu et al. 2010). 
Une des autres caractéristiques majeures des CYPs est la régulation de leur expression 
par de nombreux composés endogènes et exogènes (Feyereisen 1999, 2005). Les CYPs 
impliqués dans le métabolisme des hormones de mues (ecdystéroïdes) sont souvent induits 
par ces mêmes hormones. Chez D. melanogaster, F¶HVWOHFDVGH CYP18, qui code une enzyme 
du catabolisme des ecdystéroïdes et PRQWUH GHV SLFV G¶LQGXFWLRQ FRUUpOpV DX[ SLFV
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G¶HFG\VWpURLGHV (Bassett et al. 1997, Guittard et al. 2011). De façon similaire, la transcription 
du gène shade CYP314A1 HVW FRUUpOpH DYHF O¶DFWLYLWp GH O¶HQ]\PH -hydroxylase qui 
WUDQVIRUPH O¶HFG\VRQH HQ -hydroxyecdysone et avec les pics de cette hormone active 
(Rewitz et al. 2006). Certains composés allélochimiques de plantes, médicaments mais aussi 
SHVWLFLGHV SHXYHQW PRGLILHU O¶H[SUHVVLRQ GHV CYPs. Ainsi, chez les lépidoptères, une 
exposition de Papilio sp. à des xanthotoxines peut induire la transcription de CYP6B1 et 
CYP6B3 (Harrison et al. 2001). Différents CYPs sont également induits après exposition de 
H. zea j O¶DFLGH VDOLF\OLTXH HW MDVPRQLTXH (Li et al. 2002) &KH] OD GURVRSKLOH HW G¶DXWUHV
insectes, le phénobarbital est un inducteur connu des CYPs (Amichot et al. 1998). Dans une 
étude plus récente, Le Goff et al. (Le Goff et al. 2006) ont montré que 11 CYPs dont 
O¶RUWKRORJXH GH CYP6A2 UpSRQGDLHQW j O¶H[SRVLWLRQ GH D. melonagaster au phénobarbital. 
Dans cette même étude, CYP6A2 était également induit après exposition des mouches à un 
KHUELFLGHO¶DWUD]LQH, ce qui démontre O¶LQGXFWLRQSRVVLEOHGHs gènes CYPs par de multiples 
substrats. Des insecticides comme la perméthrine, la cyperméthrine ou bien le DDT peuvent 
pJDOHPHQW LQGXLUH O¶H[SUHVVLRQGHVJqQHVCYPs (Ranasinghe et al. 1997, Brandt et al. 2002, 
Zhu et Snodgrass 2003, Willoughby et al. 2006). Enfin, il apparait important de garder à 
O¶HVSULW TXH OD GRVH GH [pQRELRWLTXH DLQVL TXH OH WHPSV G¶H[SRVLWLRQ VRQW GHV IDFWHXUV
LPSRUWDQWVGHO¶LQGXFWLRQGHO¶H[SUHVVLRQGHVJqQHVCYPs (Baek et al. 2010, Zhou et al. 2010). 
 /HVPpFDQLVPHVG¶LQGXFWLRQ GHO¶H[SUHVVLRQGHVJqQHVCYPs sont encore peu connus 
chez les insectes. Chez les vertébrés, des xénobiotiques tels que les hydrocarbures 
aromatiques polycycliques (HAP) ou les dioxines peuvent induire la transcription des CYPs 
en se fixant sur le récepteur AhR (Aryl hydrocarbon Receptor) (Goksoyr et Husoy 1998). Ce 
récepteur réside jO¶pWDWLQDFWLI dans le cytoplasme où il forme un tétramère avec un dimère de 
SURWpLQHV GH FKRF WKHUPLTXH +36  O¶LPPXQRSKLOLQH ;$3 HW OD FR-chaperonne p23. La 
liaison du ligand au récepteur provoque une transformation thermo-dépendante du complexe 
avec libération des protéines de choc thermique Hsp 90, de  XAP2 et de p23. Après 
phosphorylation, le complexe est transféré vers le noyau où il se fixe à  un ARN de transfert 
$51W /H FRPSOH[H DLQVL IRUPp LQWHUDJLW DYHF XQ VLWH VSpFLILTXH GH O¶$'1 HQ DPRQt du 
gène CYP, le site XRE (Xenobiotic Response Element) qui régule la transcription de ce 
dernier (Petrulis et Perdew 2002, Backlund et Ingelman-Sundberg 2005). Chez les insectes, 
l¶DQDO\VHGHVVpTXHQFHV¶HQDPRQWGe différents gènes CYPs DSHUPLVG¶LGHQWLILHUSOXVLHXUV
éléments de régulation potentiellement impliqués dans leur induction par les xénobiotiques. 
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Des séquences similaires à XRE ont été identifiées chez le lepidoptère P. polyxenes et 
VHPEOHQWLPSOLTXpHVGDQVO¶LQGXFWLRQGH&<3%SDUOHV[DQWKRWR[LQHV(Brown et al. 2005). 
Cette plasticité phénotypique des gènes CYPs peut avoir des conséquences 
importantes notamment sur le contrôle des insectes nuisibles. Par exemple, il est reconnu 
que les mêmes HVSqFHVG¶LQVHFWHVKHUELYRUHVVHQRXUULVVDQWVXUGHVSODQWHVK{WHVGLIIpUHQWHV
montrent des réponses différentes aux pesticides (Feyereisen 2005). La relation entre la 
capacité des CYPs à dégrader les xénobiotiques et leur capacité à être induits par des 
composés chimiques a souvent été utilisée pour identifier les gènes responsables de la 
résistance des insectes aux insecticides (Petersen et al. 2001, Wen et al. 2003). Cependant le 
OLHQHQWUHO¶LQGXFWLELOLWpGHVJqQHV&<3VHWOHXULPSOLFDWLRQGDQVla résistance aux insecticides 
reste controversé et ne semble pas pouvoir être généralisé. Dans la majorité des études, 
O¶DXJPHQWDWLRQ GH WROpUDQFH j O¶LQVHFWLFLGH HVW VHXOHPHQW FRUUpOpH j XQH DXJPHQWDWLRQ GHV
activités globales de CYPs due à une expositioQjGHV[pQRELRWLTXHV$LQVL O¶H[SRVLWLRQGH
ODUYHV G¶Ae. albopictus au benzothiazole (composé majeur entrant dans la composition des 
pneus) et au pentachlorophénol (agent de protection du bois) augmente leur tolérance aux 
insecticides carbaryl, roténone et téméphos  (Suwanchaichinda et Brattsten 2001, 2002). Ces 
études dénotent donc des interactions possibles entre les composés chimiques 
environnementaux et la tolérance des insectes aux pesticides notamment par 
O¶LQWHUPpGLDLre des enzymes de détoxication. 
3-2/ Carboxylestérases ou estérases (COEs) 
 Les termes carboxylestérases ou estérases regroupent les enzymes qui hydrolysent 
des esters carboxyliques  (Hemingway et al. 1998). La résistance aux insecticides chimiques 
liée aux carboxylestérases a été étudiée chez plus de 30 nuisibles au niveau sanitaire, 
vétérinaire et agricole. Chez les moustiques, ce  mécanisme représente la première cause de 
résistance aux OPs et la deuxième pour la résistance aux carbamates (Peiris et Hemingway 
1993). Dans une moindre mesure, les estérases peuvent également conférer une résistance aux 
pyréthrinoïdes (Vulule et al. 1999).   
La faible spécificité de substrats des estérases a complexifié leur classification. 
Cependant, Aldrige en 1953 a tout de  même établi une classification sur le fait que les 
estérases inhibées par le paraoxon seraient appelées estérases B et celles non-inhibées 
estérases A (Aldridge 1953a, b, 1993) (Q GHKRUV GH FH FODVVHPHQW JpQpUDO G¶DXWUHV
nomenclatures sont employées pour décrire les estérases dans une espèce ou un groupe 
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G¶HVSqFHV SURFKHV &KH] Culex par exemple, la nomenclature est basée sur leur capacité 
G¶K\GURO\VHGHFHUWDLQVVXEVWUDWV/HVHVWpUDVHVFDSDEOHVG¶K\GURO\VHUOHVXEVWUDWV\QWKpWLTXH
Į-naphyl-DFpWDWHVRQWDSSHOpHVĮ-estérases (EstĮ) (et non estérases A pour éviter la confusion 
avec la FODVVLILFDWLRQ GH $OGULJH WDQGLV TXH OHV ȕ-estérases (Estȕ K\GURO\VHQW OH ȕ-naphtyl 
acétate. Pour compléter cette nomenclature, un paramètre numérique (paramètre historique) 
différencie les estérases (EstĮ1, EstĮ HWF« Chez An. gambiae, D. melanogaster, et Ae. 
aegypti 51, 36 et 49 carboxylestérases potentielles ont été respectivement identifiées (Ranson 
et al. 2002, Strode et al. 2008).  
Deux facteurs au niveau du génome peuvent agir sur la quantité finale de 
carboxylestérases. /¶DPSOLILFDWLRQ GH JqQHV est une modification génomique spontanée 
pouvant augmenter le nombre dH FRSLHV G¶XQ RX SOXVLHXUV JqQHV (Hemingway 2000). Les 
pOpPHQWV WUDQVSRVDEOHV IUDJPHQWVG¶$'1PRELOHVGDQV OHJpQRPHSHXYHQWFRQWULEXHUj OD
GXSOLFDWLRQ HW j O¶DPSOLILFDWLRQ GH JqQHV FDU LOV VRQW HX[-PrPHV OD FLEOH G¶pYpQHPHQWV GH
recombinaison (Watson et al. 1992). La sur-régulation est également un changement 
génomique qui augmente la SURGXFWLRQ G¶XQH HQ]\PH RX SURWpLQH VDQV TX¶LO \ DLW
augmentation du nombre de copies du gène.  
La surexpression des estérases EstĮ21 et Estȕ21 est responsable de 90% des 
résistances aux OPs chez des souches de C. quinquefasciatus (Mouches et al. 1986, Vaughan 
et al. 1995, Hemingway et Karunaratne 1998). Des niveaux plus importants de ces enzymes 
OLpV j O¶DPSOLILFDWLRQ GH JqQHV RQW DXVVL pWp REVHUYpV GDQV SOXVLHXUV SRSXODWLRQV GH Culex 
résistantes aux insecticides (Karunaratne et al. 1993, Jayawardena et al. 1994, Vaughan et al. 
1997, Small et Hemingway 2000). Une sur-régulation des gènes codant pour les 
FDUER[\OHVWpUDVHV SHXW pJDOHPHQW rWUH j O¶RULJLQH GH OHXU VXUH[SUHVVLRQ 'DQV XQH VRXFKH
résistante de Culex, ces deux gènes sont sur le même amplicon séparés par une séquence 
intergénique de 2.7kb (Hemingway et al. 1998). 'HVPHVXUHVG¶DFWLYLWé de la luciferase ont 
montré que cette région intergénique était transcriptionnellement plus active que chez la 
souche sensible (Hawkes et Hemingway 2002). 
Enfin, la modification de la séquence protéique des carboxylestérases suite à des 
mutations de leurs séquences codantes peut également entraîner des résistances aux OPs et/ou 
au malathion (Carbamate) (Whyard et al. 1995, Campbell et al. 1998, Claudianos et al. 1999, 
Wondji et al. 2009). Ainsi, une étude a pu mettre en évidence une amplification des niveaux 
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G¶HVWpUDVHV FRXSOpH j XQH DOWpUDWLRQ GH OHXU VpTXHQFH SURWpLTXH FKH] XQH VRXFKH GH Culex 
tarsalis (Ziegler et al. 1987). 
3-3/ Glutathion S-transférases (GSTs) 
Les Glutathion S-transférases (GSTs) UHSUpVHQWHQW XQH ODUJH IDPLOOH G¶HQ]\PHV
multifonctionnelles impliquées dans la détoxication G¶XQ JUDQG QRPEUH GH [pQRELRWLTXHV
ainsi que dans la protection cellulaire contre le stress oxydatif (Salinas et Wong 1999).  
- Nomemclature des GSTs 
Les GSTs existent sous formes 
cytosoliques (forme majoritaire) et 
microsomales. Initialement regroupées 
en trois classes (I, II et III), les récentes 
DQQRWDWLRQV GH JpQRPHV G¶LQVHFWHV RQW
révélé une diversité importante de ces 
HQ]\PHV $XMRXUG¶KXL une 
nomenclature similaire à celle des 
GSTs de mammifères est utilisée et des 
alignements de séquences de GSTs 
G¶LQVHFWHVHWGHPDPPLIqUHVRQWSHUPLV
G¶LGHQWLILHU OHV *67V G¶LQVHFWHV 3DU
exemple, les anciennes classes 
G¶LQVHFWHV , HW ,,, VRQW GRQF GHYHQXHV
les classes Delta et Epsilon. Le nom de 
chaque gène codant pour une GST est 
FRPSRVp WRXW G¶DERUG des initiales de 
O¶HVSqFH VXLYLHV GH O¶DFURQ\PH *67
SXLV G¶XQH OHWWUH FDSLWDOH GpVLJQDQW OD
FODVVH HW G¶XQ FKLIIUH LQGLYLGXHOSURSUH
au gène (Enayati et al. 2005). Par 
exemple AgGSTD1, désigne le gène 
codant pour la GST 1 de la classe Delta 
chez An. gambiae. Les récentes 
annotations de génomes ont montré 
Figure 10 : Classification des GSTs de Drosophila melanogaster 
et Anopheles gambiae en fonction de leurs séquences protéiques 
(par méthode de neighbourg joining). Elles ont également été 
alignées avec des GSTs de mammifères, plantes et nématodes par 
clustalW pour identifier les familles (Enayati et al. 2005). 
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O¶H[LVWHQFHGH37, 28, et 26 GSTs chez D. melanogaster, An. gambiae et Ae. aegypti  (Strode 
et al. 2008) avec une plus grande proportion de GST delta et epsilon (Figure 10). 
- GSTs et résistances aux pesticides 
Les GSTs sont des enzymes de phase II qui conjuguent des composés électrophiles 
comme certains métabolites primaires de xénobiotiques (HAPs, pesticides, médicaments, etc.) 
mais aussi des formes  réactives endogènes (époxydes, hydropéroxydes organiques),  avec le 
groupement thiol du glutathion (GSH) réduit. Cette conjugaison aboutit à des composés plus 
hydrophiles, donc SOXVIDFLOHPHQWH[FUpWDEOHVSDUO¶RUJDQLVPH(Habig et al. 1974). Certaines 
GSTs ont été montrées capables de catalyser la déhydrochlorination du DDT en son 
métabolite secondaire DDE en utilisant le GSH comme cofacteur plutôt que comme 
groupement conjugué (Clark et Shamaan 1984, Ranson et al. 2001). Elles sont également 
impliquées dans le transport intracellulaire de composés endogènes lipophiles, la fixation sur 
les xénobiotiques et la séquestration (Enayati et al. 2005). Une augmentation des niveaux de 
*67 SHXW rWUH UHVSRQVDEOH GH OD UpVLVWDQFH G¶LQVHFWHV DX[ 23V (Huang et al. 1998), 
organochlorés (Prapanthadara et al. 1993, Ranson et al. 2001) et pyréthrinoïdes (Vontas et al. 
2001, Vontas et al. 2002)/¶DPSOLILFDWLRQGHJqQHVFRGDQWSRXUGHV*67VSHXWH[SOLTXHUFHV
QLYHDX[SOXVpOHYpV&¶HVWOHFDVFKH]M. domestica où le gène MdGSTD3 est impliqué dans 
sa résistance aux organophosphorés par conjugaison (Syvanen et al. 1996) et chez 
Nilaparvata lugens où NlGSTD1, confère la résistance aux pyréthrinoïdes (Vontas et al. 2001, 
Vontas et al. 2002). Les GSTs ne semblent pas capables de métaboliser directement les 
pyréthrinoïdes, contrairement au DDT et OPs, mais seraient plutôt impliqués dans leur 
séquestration et/ou la détoxication des produits de péroxydation des lipides induits par 
O¶LQVHFWLFLGH(Kostaropoulos et al. 2001) 
Chez An. gambiae, AgGSTE2 a été trouvé sur-exprimée chez la souche résistante au 
DDT ZAN/U. Des études de métabolisation in-vitro chez E. coli ont montré une activité 
DDTase (DDT dehydrochlorinase) très importante de cette enzyme (Ranson et al. 2001, 
Ortelli et al. 2003)&KH]XQHVRXFKHG¶Ae. aegypti (PMD-R) résistante à la perméthrine et au 
DDT, AaGSTE2, orthologue à AgGSTE2, est aussi retrouvée sur-WUDQVFULWH /¶H[SUHVVLRQ
hétérologue de O¶HQ]\PHUHFRPELQDQWH$D*67(DPRQWUpGHVDFWLYLWpVDDTase et glutathion 
peroxydase (Lumjuan et al. 2005). Dans ce dernier exemple, une sur-UpJXODWLRQHVWjO¶RULJLQH





Chez les mammifères, plusieurs GSTs sont différentiellement régulées en réponse à 
des facteurs environnementaux ou en fonction des tissus et stades de développement. Ces 
patrons de régulation sont également retrouvés chez les insectes. 
Au cours des différents stades de développement des moustiques, des mesures 
G¶DFWLYLWpV JOREDOHV GH *67V RQW PRQWUp GHV YDULDWLRQV LPSRUWDQWHV /HXUV FRQFHQWUDWLRQV
augmentent au fur et mesure des stades larvaires pour atteindre un pic maximal au stade 
Q\PSKDOVXLYLG¶XQGpFOLQGXUDQWOHVWDGHDGXOWH'HSOXVO¶H[Sression tissulaire est également 
fortement variable. Certaines GSTs sont VXUH[SULPpHV GDQV OHV FRUSV JUDV HW O¶LQWHVWLQ GHV
insectes, tissus connus pour leurs rôles importants dans la détoxication des xénobiotiques  
(Enayati et al. 2005). 
Une étude récente D PRQWUp O¶LQGXFWLRQ GH DmGSTD2 VXLWH j O¶H[SRVLWLRQ GH
drosophiles au phénobarbital (Le Goff et al. 2006). Ce caractère inductible des GST a 
également été observé après exposition à des pesticides chez D. melanogaster et Bombyx mori 
(Willoughby et al. 2006, Willoughby et al. 2007, Gui et al. 2009). Enfin, certaines GSTs 
semblent également induites par un stress oxydatif, confortant ainsi leur rôle de protection des 
cellules contre les espèces réactives de O¶R[\JqQH(Ding et al. 2005). 
 
 
IV/ Environnement et contaminants 
1/ ǯchiffres 
/D UpYROXWLRQ LQGXVWULHOOH GX ;,;qPH VLqFOH D PDUTXp OH SDVVDJH G¶XQH VRFLpWp j
dominante agraire et artisanale à une société commerciale et industrielle. Avec elle se sont 
GpYHORSSpHVGH IDoRQPDVVLYHGHQRXYHOOHV IRUPHVGHSROOXWLRQ /¶XWLOLVDWLon importante et 
croissante du combustible charbon a été la première forme de pollution visible. Cette 
SROOXWLRQV¶HVWDFFHQWXpHDYHFOHGpYHORSSHPHQWGHO¶LQGXVWULHFKLPLTXHQRWDPPHQWSHQGDQW
les deux premières guerres mondiales. Depuis les années 1950, l¶LQGXVWULHFKLPLTXHUpSRQGj




bois fut perdue à cause des nuisibles aux Etats-Unis (Brown 1978). Au niveau sanitaire, 
O¶KRPPH devait faire face aux maladies transmises par les insectes comme le paludisme, 
causant plus de 3 millions de morts par an. Grâce aux progrès de la chimie organique, de 
QRPEUHXVHVPROpFXOHVVRQWSURJUHVVLYHPHQWYHQXHVV¶DMRXWHUDX[FDWDORJXHVGHs pesticides. 
Le terme pesticide définit « toutes les substances actives et préparations utiles pour repousser 
ou détruire les nuisibles ». Ce terme englobe les produits phytosanitaires, mais également les 
produits à usage vétérinaire et sanitaire. En juin 1995, la France recensait 912 substances 
actives contenues dans 8883 spécialités homologuées, pour plus de 2600 usages différents 
(Ballant 2006). Chaque année en France, plus de 75000 tonnes de pesticides sont ainsi 
consommées en moyenne (Figure 11), la plaçant au quatrième rang mondial des pays 
consommateurs de pesticides (derrière les États-Unis, le Brésil et le Japon) et au premier rang 




/HV SHVWLFLGHV QH FRQVWLWXHQW TX¶XQH SDUWLH GHV SURGXLWV FKLPLTXHV SURGXLWs 
mondialement. En France, les engrais et composés phytosanitaires ne constituent que 12% de 
la quantité totale GHSURGXLWVFKLPLTXHVVRXUFH8QLRQGHVLQGXVWULHVFKLPLTXHV/¶LQGXVWULH
FKLPLTXHIRXUQLWGHQRPEUHX[GRPDLQHVWHOVTXHO¶DXWRPRELOHOHWH[WLOHODSKDUmaceutique, 
O¶LPSULPHULHODSDSHterie, la métallurgie etc. Les composés chimiques organiques sont, dans 
nos sociétés, la source de contamination GH O¶HQYLURQQHPHQW la plus courante mais aussi la 
plus complexe. Ils représentent des milliers de molécules différentes retrouvées dans tous les 
FRPSDUWLPHQWV GH O¶pFRV\VWqPH : Sol, eau, air, mais aussi au sein de la biocénose. Leurs 
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concentrations dans les milieux sont le plus souvent faibles mais leur présence chronique, 
même à des niveaux de contamination sublétaux, représente un potentiel toxique pour les 
LQGLYLGXV OHV SRSXODWLRQV OHV FRPPXQDXWpV HW SRXU O¶pTXLOLEUH JpQpUDO GH O¶pFRV\VWqPH 
(Ramade 2007). 
2/ Milieux aquatiques : un cocktail explosif. 
 /¶HDXHVWOHSUHPLHUVROYDQWVXU7HUUH8QHJUDQGHPDMRULWpGHVFRPSRVpVrejetés par 
OHVDFWLYLWpVKXPDLQHVGDQVO¶HQYLURQQHPHQWVHUHWURXYHQWGRQFGDQVOHVPLOLHX[DTXDWLTXHV
Ces composés sont des pesticides (organochlorés mais aussi phénylpyrazoles tels que le 
fipronil), des HAPs, PCBs et des métaux lourds. Par exemple, les HAPs rencontrés dans 
O¶HQYLURQQHPHQWSHXYHQWrWUHG¶RULJLQHQDWXUHOOHDFWLYLWpVYROFDQLTXHVIHX[GHIRUrWVHWF«
RXELHQG¶RULJLQHDQWKURSLTXHVXLWHjODFRPEXVWLRQLQFRPSOqWHGHFRPEXVWLEOHVIRVVLOHVWHOV
TXH OH VHFWHXU WUDQVSRUW OD SURGXFWLRQ G¶pQHUJLH OHV traitements de déchets (usines 
incinératrices). Ils peuvent être très toxiques et présenter des propriétés cancérigènes. Le 
benzo[a]pyrène, le dibenzo[a,h]anthracène, et le benzo[b]fluoranthène font partie des 20 
substances les plus dangereuses classées pDU O¶ « Agency for Toxic Substances and 
Disease » DPpULFDLQH $76' &H VRQW GHV SROOXDQWV XELTXLVWHV GpWHFWpV GDQV O¶DWPRVSKqUH
les sols, les eaux et les sédiments (Fouchecourt et Riviere 1996),OVHPEOHjO¶KHXUHDFWXHOOH
que la contamination prolongée des animaux aquatiques par les HAPs soit à mettre en relation 
DYHF O¶adsorption des HAPs sur les sédiments (Narbonne et al. 1999). Par exemple, dans la 
6HLQHGHVFRQFHQWUDWLRQVMXVTX¶jQJOHWJJGH+$3RQWpWpHQUHJLVWUpHV(Fernandes 
et al. 1997). 
Les insecticides sont souvent également retrouvés dans les milieux aquatiques à des 
GRVHV pOHYpHV $XVVL OHXU FRQFHQWUDWLRQ GDQV O¶HQYLURQQHPHQW D pWp PRQWUpe inversement 
corrélée à la taille du milieu aquatique. En effet,  dans un rapport regroupant plus de 60 
pWXGHV LO D pWp PRQWUp TXH VXU  SUpOqYHPHQWV G¶HDX GLIIpUHQWV  PRQWUDLHQW GHV
concentrations supérieures à 10µg/L (pour un seul insecticide). Ces 19 prélèvements ont été 
mesurés dans des milieux aquatiques <100 km2 HWSRXUG¶HQWUHHX[GDQVGHV]RQHV
km2 (Schulz 2004) 'H SOXV FHUWDLQV FRPSRVpV DXMRXUG¶KXL LQWHUGLWV GHSXLV GH nombreuses 
années sont encore bioaccumulés (la bioaccumulatioQ HVW OD FDSDFLWp G¶XQ FRPSRVp j se 
concentrer dans les organismes, notamment dans les graisses) à des concentrations très 
élevées dans des organismes situés dans des zones protégées. En Camargue, plusieurs études 
UpDOLVpHVGDQV O¶pWDQJGH9DFFDUqVTXL HVW XQH ]RQHSURWpJpH ont montré que de nombreux 
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composés organochlorés tels que le DDE, lindane, endosulfan mais aussi des PCBs sont 
bioaccumulés à des taux élevés GDQVO¶DQJXLOOHAnguilla anguilla HWGDQVO¶HQVHPEOHGXUpVHDX
trophique (Ribeiro et al. 2005, Roche et al. 2009). 
En conclusion, les gîtes larvaires de moustiques sont variés (Partie I-2/) et sont 
VXVFHSWLEOHV G¶rWUH FRQWDPLQpV SDU GLYHUV SROOXDQWV 8QH pWXGH D PRQWUp par exemple que 
FHUWDLQV JvWHV G¶Aedes et Anopheles pouvaient contenir des concentrations supérieures à 
1mg/L de plomb et de cuivre. (Mireji et al. 2008).  En raison de leurs modes de vie et 
G¶DOLPHQWDWLRQ OHV ODUYHV GH PRXVWLTXHV GDQV OHXU HQYLURQQHPHQW, VRQW VXVFHSWLEOHV G¶rWUH






V/ Contexte et objectifs de la thèse 
1/ ǯ±°travail 
Les moustiques génèrent une nuisance importante et sont notamment contrôlés grâce 
j GHV WUDLWHPHQWV LQVHFWLFLGHV $XMRXUG¶KXL OHV JvWHV R VH GpYHORSSHQW OHXUV ODUYHV VRQW
souvent pollués par des xénobiotiques G¶RULJLQHDQWKURSLTXH (HAPs, PCBs, pesticides etc. 
«-XVTX¶jSUpVHQWO¶LPSDFWGHFHV[pQRELRWLTXHVVXUODFDSDFLWpGHVODUYHVGHPRXVWLTXHVj
résister aux insecticides chimiques reste méconnu. Cette thèse vise à étudier la réponse des 
larves de moustiques aux xénobiotiques environnementaux G¶RULJLQH DQWKURSLTXH et leur 
impact sur les mécanismes de résistance aux insecticides chimiques. L'impact des 
xénobiotiques environnementaux sur la résistance des moustiques aux insecticides est 
abordé à travers deux hypothèses (Figure 12): 
1) A court terme, l¶H[SRVLWLRQ GHV ODUYHV GH PRXVWLTXHV j FHUWDLQV [pQRELRWLTXHV
HQYLURQQHPHQWDX[ SHXW PRGLILHU OHXU WROpUDQFH DX[ LQVHFWLFLGHV SDU O¶LQWHUPpGLDLUH G¶XQH
PRGLILFDWLRQGHO¶H[SUHVVLRQde certains gènes de détoxication (accommodation). Autrement 
dit, l'induction par certains xénobiotiques d'enzymes de détoxication capables de métaboliser 
un (ou des) insecticide(s) peut augmenter leur tolérance vis-à-vis des insecticides. Cette 
première hypothèse sera traitée dans le  Chapitre II. 
2) A plus long terme, l'exposition des larves de moustiques à certains xénobiotiques 
environnementaux peut influencer la sélection des mécanismes de résistance aux insecticides. 
Ainsi, l'exposition récurrente des larves de moustiques à certains xénobiotiques 
environnementaux favorise-t-elle ou retarde-t-elle l'apparition de la résistance ? L'induction 
par certains xénobiotiques environnementaux d'enzymes de détoxication capables de 
métaboliser un insecticide favorise-t-elle leur sélection et par conséquent l'apparition de la 
résistance métabolique ? Cette seconde hypothèse sera traitée dans le Chapitre III en 
combinant l'exposition des larves à certains xénobiotiques et leur sélection avec des 
insecticides chimiques. 
En parallèle de ces études sur le court et long terme, des expérimentations par ARN 
interférant ont été menées pour UHFKHUFKHUO¶LPSRUWDQFH des gènes potentiellement impliqués 
dans le métabolisme des insecticides. Elles seront discutées dans le chapitre IV.  
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D'une manière générale, cette thèse devrait permettre de mieux comprendre les 
interactions gènes-environnement chez les moustiques pour une meilleure compréhension 
GHV PpFDQLVPHV GH UpVLVWDQFHV DX[ LQVHFWLFLGHV HQ UDSSRUW DYHF O¶HQYLURQQHPHQW chimique.  
/¶DSSOLFDWLRQ SULQFLSDOH GH FHWWH pWXGH FRQFHUQH O¶RSWLPLVDWLRQ GHV traitements insecticides 
utilisés en démoustication, mais elle présente également un intérêt fondamental pour la 






2/ Modèle biologique utilisé 
Le principal modèle animal utilisé au cours de cette thèse est le moustique Aedes 
aegypti (Linnaeus, 1862) (Figure 13). Il figure parmi les moustiques ayant le plus fort impact 
sanitaire à cause des PDODGLHV TX¶LO WUDQVPHW de OD JUDQGH GLYHUVLWp G¶KDELWDWV TX¶LO SHXW
coloniser et de VDSUR[LPLWpDYHFO¶KRPPH(Lounibos 2002). Il est vecteur de la dengue, de la 
fièvre jaune et du chikungunya (Chhabra et al. 2008). Près de 40% de la population mondiale 
est exposée à la dengue et plus de 50 000 personnes sont infectées par an (Liu et al. 2004, 
Malavige et al. 2004). Le virus de la fièvre jaune quant à lui touche plus de 200 000 personnes 








Figure 12 : Problématique de 
O¶pWXGH : 4XHOHVW O¶LPSDFWGH O¶KRPPH
en raison de ses rejets dans 
O¶HQYLURQQHPHQW VXU OD ELRORJLH GX
moustique, que ce soit sur le court 
terme (Tolérance) ou le long terme 
(Résistance) ? Et quels sont les 
mécanismes impliqués ? 
Figure 13 : Aedes aegypti au stade adulte femelle (A), nymphale (B), larvaire (C) ainsi que sa carte de 
UpSDUWLWLRQHWOHV]RQHVWRXFKpHVSDUODGHQJXHG¶DSUqV0DODYLJHHWDO 
A 
B C D 
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 En plus de son fort LPSDFWVDQLWDLUHFHWWHHVSqFHV¶pOqYHWUqVIDFLOHPHQWDXODERUDWRLUH
La souche de laboratoire Bora-Bora originaire de Polynésie française est une souche sensible 
aux insecticides ne présentant aucun mécanisme de résistance. Elle est maintenue en 
conditions standardisées au laboratoire à une température de 27°C, une hygrométrie de 70-
80% et un cycle jour/nuit de 16hK /D FDSDFLWp GH GHVVLFFDWLRQ GHV °XIV SHUPHW OHXU
conservation pendant plusieurs mois. Dans ces conditions, le cycle de vie complet du 
moustique est de 3 semaines environ (Figure 1 &HV FDUDFWpULVWLTXHV IDFLOLWp G¶pOHYDJH
WHPSV GH JpQpUDWLRQ FRXUW VWRFNDJH GHV °XIV HQ IRQW XQ PRGqOH GH FKRL[ SRXU OH présent 
travail, notamment pour les expérimentations de sélection au laboratoire. Des souris sont 
utilisées hebdomadairement pour le repas de sang des femelles accouplées et des papiers 
imprégnés de miel constituent la nourriture sucrée des adultes. Quant aux larves détritivores, 
elles sont nourries tout au long de leur développement avec des croquettes pour lapin 
essentiellement constituées de foin compacté. 
 /¶DXWUH LQWpUrW PDMHXU GH FHW RUJDQLVPH UpVLGH GDQV VRQ génome entièrement 
séquencé (Nene et al. 2007)SHUPHWWDQWG¶DERUGHUFHWUDYDLODXQLYHDXGHVJqQHVHWG¶XWLOLVHr 
les techniques de pointe de la biologie moléculaire. 
3/ Approche expérimentale 
 Pour répondre aux hypothèses énoncées plus haut, deux grandes approches combinant 
toxicologie, biochimie, transcriptomique et validation fonctionnelle ont été menées en 
paralOqOH/¶LPSDFWGHV[pQRELRWLTXHVVXUODELologie des larves de moustique a été étudié sur 
le court terme G¶XQHSDUWHWG¶DXWUHSDUW sur le long terme (Figure 14). PrePLqUHPHQWO¶HIIHW
à court terme des polluants sur la tolérance des moustiques aux insecticides a été étudié en 
exposant des larves G¶Ae. aegypti à différents xénobiotiques puis en réalisant des 
expérimentations toxicologiques, biochimiques, puis enfin transcriptomiques. Les 
xénobiotiques entraînant une amélioration de la tolérance des larves de moustiques aux 
insecticides ont été HQVXLWHXWLOLVpVSRXU O¶pWXGHGH O¶LPSDFWj ORQJ WHUPHGHV[pQRELRWLTXHV
sur la résistance des moustiques aux insecticides. Les profils transcriptionnels des gènes 
candidats dégagés au cours de la première étude ont été étudiés de manière plus approfondie 
afin de déterminer quels gènes sont les meilleurs candidats potentiellement impliqués dans le 
métabolisme des insecticides. Enfin, une dernière partie de cette thèse a consisté à mettre au 
SRLQWXQHPpWKRGHG¶$51LQWHUIpUDQWVXUODUYHVGHPRXVWLTXHVDILQG¶pWHLQGUHVSpFLILTXHPHQW
O¶H[SUHVVLRQG¶XQJqQHHWG¶DSSUpFLHUHQVXLWHSDUGHVELRHVVDLVVLFHJqQHHVW LPSOLTXp dans 
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O¶DXJPHQWDWLRQGHWROpUDQFHGHVODUYHVjFHUWDLQVLQVHFWLFLGHVFKLPLTXHVLa complexité de la 
WKpPDWLTXHHW OHVGLIILFXOWpVG¶pWXGHGHVSKpQRPqQHV LPSOLTXpVQRXVRQWFRQGXLWVj UpDOLVHU
nos expérimentations majoritairement en laboratoire. Une collaboration avec le laboratoire de 
/XWWHFRQWUHOHV,QVHFWHV1XLVLEOHV/,1GHO¶,QVWLWXWSRXUOD5HFKHUFKHHWOH'pYHORSSHPHQW
,5'QRXVDpJDOHPHQWSHUPLVGHWUDYDLOOHUVXUGHVVRXFKHVHWSRSXODWLRQVQDWXUHOOHVG¶Aedes 
aegypti de la Martinique, où la résistance des moustiques aux insecticides chimiques est 
préoccupante (Rosine 1999, Etienne 2006) HWRODFRQWDPLQDWLRQGHO¶HQYLURQQHPHQWSDUGHV
SROOXDQWVG¶RULJLQHDQWKUopique est avérée (Bocquene et Franco 2005). Cette thèse a constitué 

















 Dans leurs gîtes naturels, les larves de moustiques sont potentiellement en contact 
DYHF GH QRPEUHX[ FRPSRVpV FKLPLTXHV QDWXUHOV [DQWKRWR[LQHV SRO\SKpQROV RX G¶RULJLQH
DQWKURSLTXH SHVWLFLGHV PpGLFDPHQWVPpWDX[ ORXUGV+$3V 'DQV FH FKDSLWUH O¶LPSDFW j
court WHUPHGH FHV[pQRELRWLTXHV D pWp DERUGp jGLIIpUHQWVQLYHDX[G¶LQWpJUDWLRQELRORJLTXH
allant du phénotype au gène (Figure 14, chapitre I). Dans les deux premières études 
(Publications I et IIQRXVDYRQVpWXGLpO¶LPSDFWGHFHVFRPSRVpVVXUODWROpUDQFHGHVODUYHV
de moustiques à différents insecticides chimiques. Les différences de tolérance observées 
après exposition des larves de moustiques aux xénobiotiques ont ensuite été reliées aux 
DFWLYLWpV HQ]\PDWLTXHV JOREDOHV GH WURLV JUDQGHV IDPLOOHV G¶HQ]\PHV GH GpWR[LFDWLRQ : les 
CYPs, GSTs et CCEs. Plus précisément, grâce à une approche de criblage par puces à ADN, 
QRXVDYRQVSXLGHQWLILHUOHVJqQHVGHGpWR[LFDWLRQTXLUpSRQGHQWjO¶H[SRVLWLRQDX[SROOXDQWV 
chez les larves. En parallèle, une autre approche de criblage plus globale par séquençage sur 
SODWHIRUPH6ROH[DDSHUPLVG¶LGHQWLILHUG¶DXWUHVJènes répondant aux polluants (publication 
III). Le rôle potentiel de certains CYPs  a été ensuite approfondi par une étude de leurs profils 
transcriptionnels durant les différents stades de développement et tissus larvaires (Publication 
IV).   
En parallèle GHFHVpWXGHVO¶LPSDFWGHO¶H[SRVLWLRQODUYDLUHjGHV[pQRELRWLTXHVVXUOD
tolérance des moustiques adultes aux insecticides a également été abordé de manière 
préliminaire. 
'¶XQH PDQLqUH JOREDOH FHWWH SUHPLqUH SDUWLH D SHUPLV GH PHWWUH HQ pYLGHQFH TXH
l¶H[SRVLWLRQGHVODUYHVGHPRXVWLTXHVjFHUWDLQV[pQRELRWLTXHVSHXWPRGLILHUODWROpUDQFHGHV
ODUYHV HW DGXOWHV DX[ LQVHFWLFLGHV FKLPLTXHV (OOH D pJDOHPHQW PRQWUp O¶LPSDFW GH FHV
composés chimiques sur la transcription de nombreux gènes dont certains codant pour des 
enzymes de détoxication. Enfin, plusieurs gènes candidats impliqués dans la réponse des 
ODUYHV j O¶H[SRVLWLRQ DX[ [pQRELRWLTXHV HW SRWHQWLHOOHPHQW LPSOLTXpV GDQV OD PpWDEROLVDWLRQ
des insecticides chimiques ont pu être dégagés. 
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I/ Impact des xénobiotiques sur la tolérance des moustiques 
aux insecticides 
 ?Ȁ  ǯ    ±  
tolérance aux insecticides chimiques (Publications I et II) 
1-1/ Choix des xénobiotiques et pré-exposition des larves de moustiques 
 /¶HQVHPEOHGHVSURWRFROHVG¶H[SRVLWLRQGHV ODUYHVGHPRXVWLTXHV DX[[pQRELRWLTXHV
ont été standardisés afin de minimiser la variabilité observée dans les expérimentations qui en 
découlent. Des lots de 100 (Publication II) ou 200 larves (Publication I) homogènes sont 
VpSDUpVGDQVGHVFULVWDOOLVRLUVFRQWHQDQWPOG¶HDXDYHFRXVDQV[pQRELRWLTXHDLQVLTXH











Différents xénobiotiques tels que des pesticides (herbicides, insecticides), métaux 
lourds et HAPs ont été utilisés pour les expositions et/ou les bioessais sur larves.  Tous les 
produits utilisés pour les pré-expositions et/ou les bioessais dans les deux études ont été 
rassemblés dans le Tableau 1$ILQG¶pYLWHUGHVpOHFWLRQQHUFHUWDLQVJpQotypes durant la phase 
G¶H[SRVLWLRQ DX[ [pQRELRWLTXHV GHV GRVHV VXE-létales de xénobiotiques (entraînant une 
mortalité inférieure à 5%) ont été utilisées pour toutes les expositions larvaires. 
Figure 15 : 3URWRFROHG¶H[SRVLWLRQGHVODUYHVHWELRHVVDLV 
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Tableau 1: Liste des xénobiotiques utilisés pour les expositions et bioessais. 
Type 
Nom 













Agit au niveau de la protéine D1 
du photosystème II. Interdit 







Herbicide le plus utilisé 
mondialement, notamment sur 











HAP ubiquitaire et retrouvé à des 
concentrations parfois élevées 






HAP résultant de la combustion 
incomplète des combustibles 
fossiles (Bostrom et al. 2002) 









n Sulfate de Cuivre 
(Publication I) CuSO4 
Elément majoritaire de la bouillie 
bordelaise, très utilisée sur la 













Famille des pyréthrinoïdes. 
Agit au niveau des canaux sodium 
du système nerveux. Utilisé 





(Publication I)  
Famille des Organophosphorés. 
Agit en bloquant 
O¶DFpW\OFKROLQHVWpUDVH8WLOLVp






Famille des Néonicotinoïdes 
Agit en se fixant sur les 
UpFHSWHXUVjO¶DFétylcholine. 
Insecticide récent non encore 





Famille des carbamates. 
Agit en bloquant 
O¶DFpW\OFKROLQHVWpUDVH  Utilisé en 





1-2/ Bioessais sur larves de moustiques exposées ou non à des polluants 
Les bioessais ont été réalisés sur larves exposées ou non à des polluants. Avant leur 
WUDQVIHUW GDQV OHV JREHOHWV G¶LQVHFWLFLGHV OHV ODUYHV RQW pWp ULQFpHV j O¶HDX Figure 15). Les 
bioessais réalisés dans les deux études ont révélé TXH O¶H[SRVLWLRQ GHV ODUYHV j FHUWDLQV
xénobiotiques pouvait modifier leur tolérance aux insecticides (Table 1 dans les publications I 
HW ,, $LQVL O¶H[SRVLWLRQ GH ODUYHV GH PRXVWLTXHV j XQ [pQRELRWLTXH HQ SDUWLFXOLHU SHXW
DPpOLRUHUOHXUWROpUDQFHjGLIIpUHQWVLQVHFWLFLGHVFKLPLTXHV3DUH[HPSOHO¶H[SRVLWLRQSHQGDnt 
 KHXUHV GH ODUYHV G¶Ae. aegypti au fluoranthène augmente de façon significative leur 
tolérance aux insecticides perméthrine et téméphos (Table 1, Publication I). Réciproquement, 
la tolérance des larves à un insecticide peut être augmentée après exposition à différents 
xénobiotiques (Figure 16)&¶HVW OHFDVSRXU O¶LQVHFWLFLGHQHRQLFRWLQRLGH LPLGDFORSULGHGRQW
O¶HIILFDFLWpGLPLQXHDSUqV H[SRVLWLRQGHV ODUYHV DX%D3 ou glyphosate (Table 1, publication 
II). Dans cette même étude, nous avons aussi pu montrer que cette augmentation de tolérance 
est dose-dépendante. Ainsi, une exposition larvaire avec une plus grande concentration de 
BaP ou de glyphosate entraîne une meiOOHXUHWROpUDQFHGHVODUYHVjO¶LPLGDFORSULGH7DEOH
publication II). Cette réciprocité et complexité semblent indiquer que les interactions entre 
xénobiotiques et insecticides chez les larves sont sûUHPHQW G¶RULJLQH PpWDEROLTXH HW QRQ
simplement au niveau de la cible. 
 
Figure 16 : 6FKpPDVG¶LQWHUDFWLRQVREVHUYpHVHQWUHO¶H[SRVLWLRQjFHUWDLQV[pQRELRWLTXHVHWOHVELRHVVDLVDYHF
différents insecticides chimiques de différentes familles. 
2/ Impact ǯ    ±  
tolérance des moustiques adultes aux insecticides. 
 /¶LPSDFW GH O¶H[SRVLWLRQ SURORQJpH GH ODUYHV GH PRXVWLTXHV j GHV [pQRELRWLTXHV





lots de 500 larves de stades II ont été mis daQVGHVUpFLSLHQWVFRQWHQDQWOLWUHVG¶HDXVHXOHRX
contaminée avec 100 µg/L du HAP fluoranthène et 2 grammes de nourriture. Les solutions 
RQWpWpUHQRXYHOpHVWRXVOHVMRXUVMXVTX¶jpPHUJHQFHGHVDGXOWHVHQYLURQKHXUHVDSUqVOH
GpEXW GH O¶H[SRVLWLRQ Vingt-quatre heures après émergence des femelles adultes, des 
bioessais sur femelles adultes ont été réalisés (Figure 17). Les papiers imprégnés de 
perméthrine fourniV SDU O¶206 SRXU GpWHFWHU OD UpVLVWDQFH VXU OH WHUUDLQ  GH
perméthrine) entraînant trop de mortalité sur nos moustiques sensibles, nous avons été 
contraints de IDEULTXHUQRVSURSUHVSDSLHUV DYHFGHVGRVHVPRLQV LPSRUWDQWHVG¶LQVHFWLFLGH
(Annexe 1 pour la fabrication des papiers imprégnés). Cette expérimentation a été réalisée 
trois fois de manière indépendante. Pour chaque expérimentation, 3 tubes contenant au moins 
25 femelles ont été utilisés (329 femelles testées pour le témoin et 259 femelles testées pour le 
traitement au fluoranthène). 
 
Figure 17 : $SSURFKHH[SpULPHQWDOHXWLOLVpHSRXUO¶H[SRVLWLRQRXQRQGHVODUYHVHWQ\PSKHVDXSROOXDQWHW









































Traitement d'exposition des larves 
 1RVUpVXOWDWVPRQWUHQWTXHO¶H[SRVLWLRQdurant 96 heures de larves et de nymphes au 
fluoranthène peut modifier la tolérance des moustiques adultes à la permethrine (Figure 18). 
Une mortalité 2,1 fois moins importante est observée chez femelles adultes exposées au 
fluoranthène durant leur stade larvaire comparativement au témoin. Ainsi cette étude 
GpPRQWUH FODLUHPHQW TXH O¶DXJPHQWDWLRQ GH OD WROpUDQFH GHV ODUYHV DX[ LQVHFWLFLGHV GXH j
O¶H[SRVLWLRQ DX[ [pQRELRWLTXHV SHXW rWUH WUDQVPLVH DX VWDGH DGXOWH $LQVL O¶HIILFDFLWp GHV
larvicides chimiques mais aussi des adulticides est susceptible G¶rWUHDIIHFWpHSDUODSUpVHQFH
GH SROOXDQWV GDQV O¶HDX GHs gîtes larvaires. Une autre question que soulève cette 
expérimentation est celle de l'impact des polluants atmosphériques sur la tolérance des 
moustiques adultes aux traitements insecticides. Dans certaines zones fortement urbanisées, 
ces polluants (fuméesHWF« dégagées par les activités humaines pourraient avoir un impact 







II/ Recherche des mécanismes impliqués. 
1/ Au niveau biochimique (Publications I et II) 
3OXVLHXUVpWXGHVRQWPRQWUpTXHO¶H[SRVLWLRQGHODUYHVGHPRXVWLTXHVjGHVSROOXDQWV
pouvait augmenter leur tolérance vis-à-vis de différents insecticides et que cette tolérance 
accrue pouvait être liée à une augmentation des activités globales des enzymes de 
détoxication (Suwanchaichinda et Brattsten 2001, 2002, Boyer et al. 2006). Grâce à une 
DSSURFKH ELRFKLPLTXH OHV DFWLYLWpV JOREDOHV GHV WURLV SULQFLSDOHV IDPLOOHV G¶HQ]\PH GH
détoxication ont été évaluées chez des larves d¶Ae. aegypti après exposition à différents 
polluants (Publications I et II). Les larves de moustiques ont été exposées dans les mêmes 
conditions que précédemment. Les activités globales P450 ont été évaluées grâce à la mesure 
Figure 18: ,PSDFW GH O¶H[SRVLWLRQ GH ODUYHV GH
moustiques au fluoranthène sur la tolérance à la 
perméthrine des moustiques adultes après 
émergence. Les expérimentations ont été refaites 
trois fois dans le temps. Les résultats sont 





GHO¶K\GUR[\ODWLRQGppWK\ODWLon) de la 7-ethoxycoumarine en 7-Hydroxycoumarine, réaction 
catalysée par les CYPs (ECOD). La méthode fluorimétrique mise au point par Desousa 
(Desousa et al. 1995) et adaptée sur microplaques a été utilisée (voir publications I et II). Les 
activités globales GSTs ont été évaluées par la mesure spectrophotométrique de la 
FRQMXJDLVRQ G¶XQ VXEVWUDW GH UpIpUHQFH OH &'1% -chloro-2,4-dinitrobenzène), avec le 
glutathion (Habig et al. 1974). Enfin les activités globales des Į-estérases et ȕ-estérases ont 
été mesurées selon la méthode spectrophotométrique de Van Asperen (Vanasperen 1962) 
SHUPHWWDQWGHPHVXUHUODSURGXFWLRQG¶Į-QDSKWROHWȕ-QDSKWROjSDUWLUGXĮ-naphtyl-acétate et 
ȕ-naphtyl-acétate.  
Les résultats ont révélé que certains xénobiotiques peuvent induire les activités 
globales des enzymes de détoxication. Les activités P450s ECOD sont induites par 
O¶H[SRVLWLRQGHVODUYHVDXFXLYUHDXIOXRUDQWKqQHjODSHUPpWKULQH)LJXUH3XEOLFDWLRQ,HW
DXEHQ]R>D@S\UHQH )LJXUH3XEOLFDWLRQ ,,/HVQLYHDX[G¶LQGXFWLRQVGH CYPs importants 
obtenus avec les HAPs confirment leur fort potentiel inductif des CYPs. Les GSTs semblent 
quant à elles induites par le fluoranthène (Figure 1, Publication I), le propoxur et le 
benzo[a]pyrene (Figure 1, Publication II(QILQVHXOO¶LQVHFWLFLGHSURSR[XULQGXLWGHPDQLqUH
VLJQLILFDWLYHHW OHVĮHWȕ-estérases )LJXUH3XEOLFDWLRQ ,,'DQV O¶HQVHPEOHFHV UpVXOWDWV
suggèrent que les augmentations de tolérance aux insecticides chimiques observées chez les 
larves de moustiques exposées aux xénobiotiques pourraient être liées à O¶LQGXFWLRQ
G¶HQ]\PHVGe détoxication, notamment les CYPs et GSTs. 
 
2/ Au niveau transcriptomique (Publications I, II et III) 
 Les expérimentations précédentes ont permis de mettre en évidence une augmentation 
de tolérance des larves de moustiques corrélée à une induction des activités globales 
G¶HQ]\PHV GH GpWR[LFDWLRQ &HSHQGDQW FHV HQ]\PHV DSSDUWLHQQHQW j GH JUDQGHV IDPLOOHV
HQ]\PDWLTXHV HW OHV QLYHDX[ G¶DFWLYLWpV PHVXUpHV QH FRUUHVSRQGHQW TX¶j XQH PR\HQQH
G¶DFWLYLWpVG¶XQHSDUWLHFHVHQ]\PHV Pour identifier les enzymes particulièrement impliqués 
GDQVODUpSRQVHGHVODUYHVGHPRXVWLTXHVjO¶H[SRVLWLRQDX[[pQRELRWLTXHVG¶DXWUHVDSSURFKHV
VRQWQpFHVVDLUHV/DWUDQVFULSWRPLTXHHVWO¶pWXGHGHODTXDQWLWpGHV$51PHVVDJHUVSURGXLWV
lors de la transcription des gènes. Plusieurs techniques existent pour quantifier les ARN 
PHVVDJHUV&HUWDLQHVSHUPHWWHQWGHPHVXUHU OHVQLYHDX[GHWUDQVFULSWLRQG¶XQJUDQGQRPEUH
de gènes voire même le transcriptome complet. Les puces à ADN (microarrays) ou le 
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séquençaJH V\VWpPDWLTXH G¶$'1 FRPSOpPHQWDLUHV FRQVWLWXHQW HQ FH VHQV GH ERQQHV
approches de criblage global. Cependant, la précision des méthodes globales est souvent 
faussée par des biais expérimentaux liés à la préparation des échantillons ou bien aux 
méthodes dH GpWHFWLRQ HW G¶DQDO\VH HW GHV DSSURFKHV SOXV SUpFLVHV WHOOHV TXH OD UHYHUVH
transcription couplée à la PCR en temps réel (RT-qPCR) peuvent être utiles pour étudier plus 
finement certains gènes en particulier. De plus, les puces à ADN et les approches par 
VpTXHQoDJHPDVVLIQpFHVVLWHQWGHFRQQDvWUHOHVVpTXHQFHVG¶$'1FRPSOpPHQWDLUHGHVJqQHV
TXH O¶RQ FLEOH &HOD HVW SRVVLEOH DYHF Ae. aegypti puisque son génome est entièrement 
séquencé et annoté depuis 2007 (Nene et al. 2007). Dans ce contexte, nous avons utilisé 
O¶DSSURFKH SXFHV j $'1 DILQ G¶LGHQWLILHU OHV JqQHV GH GpWR[LFDWLRn différentiellement 
WUDQVFULWV VXLWH j O¶H[SRVLWLRQ GHV ODUYHV GH PRXVWLTXHV DX[ GLIIpUHQWV [pQRELRWLTXHV (Q
parallèle, nous avons aussi utilisé une approche par séquençage haut débit permettant de 
V¶DIIUDQFKLUHQSDUWLHGHVELDLVG¶DQQRWDWLRQGXJpQRPHHWGHTXDQWLILHUO¶H[SUHVVLRQGHVJqQHV
SDUFRPSWDJHGHVpTXHQFHVG¶$'1F© digital expression profiling »). 
2-1/ Approche par puces à ADN (Publications I et II) 
 /HV SXFHV j $'1 VRQW EDVpHV VXU O¶K\EULGDWLRQ FRPSpWLWLYH G¶$'1F RX G¶$51
marqués avec un fluorophore sur une lame de verre sur laquelle sont fixées des sondes ADN 
ou ARN FRPSOpPHQWDLUHVGHV$'1F$51TXHO¶RQFKHUFKHjTXDQWLILHUFigure 19). 
Figure 19 : Principe général du fonctionnement des puces à ADN H[HPSOHG¶K\EULGDWLRQ
avec deux fluorophores) 
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 Pour nos expérimentations (Publications I et II), nous avons utilisé la puce « Aedes 
detox chip ª GpYHORSSpH j O¶pFROH GH PpGHFLQH WURSLFDOH GH /LYHUSRRO 5R\DXPH 8QL
FRQWHQDQW O¶HQVHPEOHGHVJqQHV FRGDQWSRXU OHV WURLVJUDQGHV IDPLOOHV HQ]\PDWLTXHV CYPs, 
*67V HW &&(V 3RXU OD GHX[LqPH pWXGH 3XEOLFDWLRQ ,, G¶DXWUHV JqQHV FRGDQW SRXU GHV
enzymes impliqués dans le stress oxydatif ont aussi été ajoutés à cette puce à ADN.  
/HV UpVXOWDWVGHFHVGHX[pWXGHVPRQWUHQWTXH O¶H[SRVLWLRQGH ODUYHVG¶Ae. aegypti à 
certains polluants peut modifier le niveau de transcription de gènes codant pour plusieurs 
enzymes de détoxication, majoritairement des CYPs (gènes CYPs). La majorité de ces gènes 
appartiennent à la famille des CYP6 (Publication I et II) ce qui confirme le rôle potentiel de 
cette famille de CYPs dans la résistance aux xénobiotiques (Feyereisen, 2005, Strode et al. 
2008). Certains gènes CYPs, comme CYP6Z8 et CYP6N12 sont induits par plusieurs types de 
[pQRELRWLTXHVGLIIpUHQWV7DEOHSXEOLFDWLRQV,HW,,WDQGLVTXHG¶DXWUHV, comme CYP9M8 et 
CYP9M9, sont induits à la fois par un xénobiotique et par un insecticide (Table 2, Publication 
, '¶DXWUHV JqQHV, codant pour des enzymes impliquées dans le stress oxydant, ont été 
pJDOHPHQW LQGXLWV PDMRULWDLUHPHQW SDU O¶LQVHFWLFLGH LPLGDFORSULGH 7DEOH  3XEOLFDWLRQ ,,
Ces premières études ont permis de dégager plusieurs gènes candidats (majoritairement des 
CYPs) répondant à une exposition aux xénobiotiques et pouvant être potentiellement 
impliqués dans la résistance métabolique aux insecticides.  
 
2-2/ Approche par séquençage du transcriptome (Publication III) 
En 2010, une analyse globale des variations de niveaux de transcription des gènes 
HQWUHODUYHVG¶Ae. aegypti exposées à des xénobiotiques et  non exposées a été réalisée grâce à 
la technologie de Digital gene expression tag profiling (DGETP) faisant appel  au séquençage 
à très haut débit Solexa (Illumina) (Publication III). Cette appURFKHRULJLQDOHQ¶DYDLWHQFRUH
MDPDLV pWp GpYHORSSpH FKH] OHV LQVHFWHV 'DQV FHWWH H[SpULHQFH OHV FRQGLWLRQV G¶H[SRVLWLRQ
GHV ODUYHV VRQW VLPLODLUHV DX[ pWXGHV SUpFpGHQWHV VL FH Q¶HVW OH WHPSV G¶H[SRVLWLRQ GH 
heures et des concentrations de polluants différentes. Trois polluants et trois insecticides ont 
été utilisées à des doses sub-létales pour cette étude : l¶LQVHFticide pyréthrinoïde perméthrine, 
O¶LQVHFWLFLGH FDUEDPDWH SURSR[XU O¶LQVHFWLFLGH QHRQLFRWLQRwGH LPLGDFORSULGH O¶KHUELFLGH
atrazine, le HAP fluoranthène et le sulfate de cuivre. Après exposition des larves aux 
différents xénobiotiques, les ARN totaux ont été extraits de lots de 30 larves, dosés par 
nanodrop (ThermoFischer), contrôlés qualitativement par bioanalyser (Agilent) puis ensuite 
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confiés à la société Illumina (USA) pour la préparation des EDQTXHVGH IUDJPHQWVG¶$'1F 
(tags) et séquençage sur plateforme Solexa (Figure 20). 
 
Figure 20: Principe de la méthode DGETP pour la préparation des banques d'ADNc 
 
Pour chaque échantillon, les ARNs totaux issuV GH WURLV UpSOLFDWV G¶H[SRVLWLRQ
indépendants ont été regroupés puis  rétrotranscrits en ADN complémentaires et fixés à des 
ELOOHV SRO\7 SXLV GLJpUpV SDU O¶HQ]\PH DpnII qui reconnaît le site GATC (fréquence de 
FRXSXUHG¶HQYLURQSE'XIDLWGHO¶XWLOisation de billes polyT, les fragments contenant le 
site de restriction DpnII et la séquence PolyA sont ensuite purifiés. Un adaptateur contenant le 
VLWH GH UHFRQQDLVVDQFH SRXU O¶HQ]\PH Mme1 HVW HQVXLWH OLJXp j FHV IUDJPHQWV F{Wp ¶
/¶HQ]\PHGHUHVWULFWion Mme1 possède la capacité de couper des fragments de 20 pb en aval 
de son site de restriction. Cette méthode (décrite dans la Publication III) permet donc 
G¶REWHQLU SRXU FKDTXH WUDQVFULW SRVVpGDQW XQ VLWH DpnII, une séquence de 20 pb spécifique 
proche du site de polyadénilation (PolyA) et entourée de deux adaptateurs connus (tag). Après 
TXHOTXHV F\FOHV G¶DPSOLILFDWLRQ SDU 3&5 FHV WDJV VRQW HQVXLWH VpTXHQFpV VXU VpTXHQFHXU j
très haut débit « Genome Analyzer » (Illumina). 
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 Dans notre étude, le séquençage de sept banques GHWDJVG¶$'1FFRUUHVSRQGDQWDX[
VL[ H[SRVLWLRQV GLIIpUHQWHV HW DX WpPRLQ D SHUPLV G¶REWHQLU ,45 millions de séquences 
(100% reads) correspondant à 726 269 tags différents (Table 1, publication III).  
 
Par un travail de bioinformatique réalisé par Eric Coissac et Christelle Melodelima, 
FHV VpTXHQFHV RQW pWp ORFDOLVpHV VXU OH JpQRPH G¶Ae. aegypti (mapping) grâce au logiciel 
TagMatcher développé dans notre laboratoire, puis regroupées en fonction des gènes connus 
et régions génomiques (clustering). De manière à supprimer le bruit de fond de notre jeu de 
séquences, seules les tags séquencés plus de  IRLV  UHDGV VXU O¶HQVHPEOH GHV 
échantillons ont été retenus (soit 95,5% des séquences). Ensuite, 42.7% des « reads » ont été 
ORFDOLVpHVVDQVDPELJXwWpVHXOHSRVLWLRQVDQVHUUHXUVXUJqQHVFRQQXVG¶Ae. aegypti 
(le génome contient plus de 16 000 gènes) avec un nombre moyen de 217 « reads » par gène. 
/H IDLW TXH OD GLJHVWLRQ LQLWLDOH SDU O¶HQ]\PH DpnII ne soit pas toujours totale (digestion 
SDUWLHOOHYDULDWLRQVDOOpOLTXHV«DSDUIRLVJpQpUpSOXVLHXUVWDJVSDUWUDQVFULWDYHFXQQRPEUH
de reaGV GpFURLVVDQW GHSXLV OD SDUWLH ¶ YHUV OD SDUWLH ¶ $LQVL WRXV OHV © reads » des tags 
ORFDOLVpVVXUOHPrPHJqQHERUQHVGHVJqQHVVHORQO¶DQQRWDWLRQGHJpQRPHESHQDYDO
ont été ensuite regroupées et additionnées pour obtenir un nombre de « reads » par gène et par 
traitement (Figure 21). Le nombre de « reads » par gène (ou par cluster génomique hors des 
gènes annotés) a ensuite été utilisé pour calculer un rapport de transcription (« transcription 
ratio » TR) normalisé pour chaque gène entre chaque traitement et le témoin (larves non 
exposées). La différence statistiquement significative ou non des TRs par rapport à 1 (pas de 
différence de transcription) a ensXLWHpWpWHVWpHjO¶DLGHG¶XQWHVWGH)LVKHUVXUOHVQRPEUHVGH
« reads ªQRUPDOLVpVVXLYLG¶XQHFRUUHFWLRQGHWHVWVPXOWLSOHV/HV75VREWHQXVSRXUFKDTXH
gène ont ensuite été comparés entre les différents traitements (Publication III). 
 Les résultats de FHWWHpWXGHFRQILUPHQWTXHO¶H[SRVLWLRQGHVODUYHVGHPRXVWLTXHVjGHV
doses sub-létales de divers types de xénobiotiques peut modifier le niveau de transcription de 
Figure 21: Principe du comptage des séquences (=reads) pour un gène 
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nombreux gènes. Ainsi, plus de 450 gènes dont 115 codant pour des enzymes (Figure 3, 
publication III), sont différentiellement transcrits chez les larves exposées à au moins O¶un des 
six xénobiotiques étudiés en comparaison avec les larves témoins non exposées. Ces gènes 
codent notamment pour des enzymes de détoxication mais aussi pour des protéines 
cuticulaires, des transporteurs et de nombreux gènes de réponse au stress. Cette étude souligne 
O¶LPSDFW FU\SWLTXH SDV GH PRGLILFDWLRQ DSSDUHQWH GX SKpQRW\SH PDLV UpHO GHV SROOXDQWV
même à faible dose sur la biologie des moustiques. Elle met également en évidence 
O¶LPSOLFDWLRQ G¶DXWUHV JqQHV TXH FHX[ FRGDQW pour les enzymes de détoxication dans la 
réponse des larves de moustiques aux xénobiotiques. 
 
3/ Caractérisation des profils transcriptionnels de gènes candidats 
potentiellement impliqués dans le métabolisme des xénobiotiques 
(Publication IV).  
 Dans les deux premières études (Publication I et II), nous avions mis en évidence que 
O¶DXJPHQWDWLRQ GH WROpUDQFH GHV ODUYHV GH PRXVWLTXHV DX[ LQVHFWLFLGHV FKLPLTXHV DSUqV
exposition à certains xénobiotiques pouvait être liée à une induction de certaines enzymes de 
détoxication, majoritairement des CYPs (publication I). Cependant, le rôle direct de ces 








Ces approches lourdes expérimentalement nécessitent de travailler sur un ensemble de 
gènes plus réduit. Afin de déterminer les meilleurs gènes candidats potentiellement impliqués 
dans le métabolisme des xénobiotiques, une étude plus approfondie de leurs profils 
transcriptionnels a été réalisée par réverse transcription suivie de PCR quantitative en temps 
réel (RT-qPCR, Publication IV). Pour cela, les niveaux G¶H[SUHVVLRQ FRQVWLWXWLYH de onze 
CYPs ont été mesurés au cours des GLIIpUHQWVGHVWDGHVGHGpYHORSSHPHQWG¶Ae. aegypti ainsi 
que dans les différents tissus larvaires (Figure 22). La FDSDFLWp G¶LQGXFWLRQ de ces CYPs a 
également été étudiée plus précisément dans le temps en utilisant des doses plus faibles de 
xénobiotiques que celles utilisées précédemment.  
  
Cette étude a révélé que, parmi les 11 gènes CYP étudiés, beaucoup (surtout des 
CYP6s) sont préférentiellement transcrits dans des tissus fréquement impliqués dans les 
mécanismeV GH GpWR[LFDWLRQ WHOV TXH O¶LQWHVWLQ 0LGJXW 0 HW OHV WXEHV GH 0DOSLJKL
(Malpighian tubules (MT)). Certains de ces gènes sont également inductibles par de faibles 
GRVHVGH[pQRELRWLTXHDYHFXQSLFG¶LQGXFWLRQVLWXpHQWUHHWKHXUHVDSUqV OHGpEXW de 
O¶H[SRVLWLRQ 1RXV DYRQV DXVVL PRQWUp TXH OD WUDQVFULSWLRQ GHV JqQHV CYP étudiés est très 
variable selon les différents stades de développement et le sexe. Cependant, certains CYPs 
comme CYP9M8 et CYP6AL1 semblent préférentiellement transcrits au stade nymphal 
suggérant un rôle mineur dans la détoxication des xénobiotiques. De plus, la transcription de 
FHVPrPHVJqQHV HVW LQGXLWHSDU O¶H[SRVLWLRQGHV ODUYHV j OD-hydroxyecdysone, hormone 
impliquée dans les mues larvaires et la métamorphose. Ces gènes pourraient donc coder pour 
des CYPs impliquées dans le développement plutôt que dans la réponse aux xénobiotiques 
environnementaux. Enfin, une étude in-silico de la séquence protéique de certaines de ces 
HQ]\PHV D PRQWUp OHXU VLPLOLWXGH DYHF G¶DXWUHV CYPs d¶LQVHFWHV SRWHQWLHOOHPHQW LPSOLTXpV
dans la résistance aux insecticides. En conclusion, cette étude a permis de conforter 
O¶K\SRWKqVH TXH FHUWDLQV CYPs sont induits par plusieurs xénobiotiques et de dégager des 
JqQHVD\DQWGHIRUWHVFKDQFHVG¶rWUHLPSOLTXps dans le métabolisme des xénobiotiques comme 
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Abstract
The effect of exposure of Aedes aegypti larvae to sub-lethal doses of the pyrethroid insecticide permethrin, the organophosphate
temephos, the herbicide atrazine, the polycyclic aromatic hydrocarbon ﬂuoranthene and the heavy metal copper on their subsequent
tolerance to insecticides, detoxiﬁcation enzyme activities and expression of detoxiﬁcation genes was investigated. Bioassays revealed a
moderate increase in larval tolerance to permethrin following exposure to ﬂuoranthene and copper while larval tolerance to temephos
increased moderately after exposure to atrazine, copper and permethrin. Cytochrome P450 monooxygenases activities were induced in
larvae exposed to permethrin, ﬂuoranthene and copper while glutathione S-transferase activities were induced after exposure to
ﬂuoranthene and repressed after exposure to copper. Microarray screening of the expression patterns of all detoxiﬁcation genes following
exposure to each xenobiotic with the Aedes Detox Chip identiﬁed multiple genes induced by xenobiotics and insecticides. Further
expression studies using real-time quantitative PCR conﬁrmed the induction of multiple CYP genes and one carboxylesterase gene by
insecticides and xenobiotics. Overall, this study reveals the potential of xenobiotics found in polluted mosquito breeding sites to affect
their tolerance to insecticides, possibly through the cross-induction of particular detoxiﬁcation genes. Molecular mechanisms involved
and impact on mosquito control strategies are discussed.
r 2008 Elsevier Ltd. All rights reserved.
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S-transferases; Carboxylesterases
1. Introduction
Mosquitoes transmit a wide range of human and animal
pathogens, and insecticides are widely employed in their
control. The efﬁcacy of these insecticides is inﬂuenced
by the mosquitoes’ history of past exposure. Long-term
exposure to a toxicant will eventually select for muta-
tions conferring a level of resistance to that toxicant and
indeed, insecticide-resistant populations of mosquitoes are
now threatening the success of control programmes.
Extensive research efforts are aimed at elucidating the
molecular basis of this resistance in order to facilitate the
management of insecticide resistance in the ﬁeld. Less
attention has been paid to the short-term effect of exposure
to insecticides or other xenobiotics on the mosquitoes’
tolerance to insecticides and yet this could also have
a signiﬁcant impact on the efﬁcacy of mosquito control.
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For example, we have shown that Aedes aegypti larvae
exposed to the herbicide atrazine become more tolerant to
the organophosphate temephos (Boyer et al., 2006).
Similarly, exposure of Aedes albopictus larvae to ben-
zothiazole (a major leachate compound of automobile
tires) and pentachlorophenol (a wood-protecting agent)
can increase their tolerance to insecticides such as carbaryl,
rotenone and temephos (Suwanchaichinda and Brattsten,
2001, 2002). This increase in tolerance in Ae. albopictus is
correlated with an induction of cytochrome P450 activity.
This enzyme family, together with the carboxylesterases
and glutathione transferases, play a central role in the
detoxiﬁcation and in the metabolism of insecticides and
other xenobiotics (Feyereisen, 2005; Hemingway et al.,
2002, 2004).
Recently, microarray-based approaches have been used
to investigate the effect of xenobiotic exposure on the
expression of detoxiﬁcation genes in Drosophila. Pheno-
barbital and the herbicide atrazine induced the expression
of multiple P450s (CYP for genes) and GST genes in adult
ﬂies including genes previously linked to insecticide
resistance (Le Goff et al., 2006). In mammals, a causal
link between the induction of particular detoxiﬁcation
enzymes by xenobiotics and their ability to metabolize
them has been demonstrated and successfully utilized to
identify drug metabolizing enzymes (Luo et al., 2004;
Waxman, 1999). This approach was also used to identify
two CYP genes (CYP6B1 and CYP6B3) in the black
swallowtail Papilio polyxenes induced by and metabolizing
furanocoumarins, toxins produced by their host plant
(Petersen et al., 2001; Wen et al., 2003). Likewise, other
CYP genes able to metabolize xanthotoxin were characte-
rized in the cotton bollworm Helicoverpa zea (Li et al.,
2000; Sasabe et al., 2004). Hence, studying the induction
proﬁle of insect detoxiﬁcation enzymes has been suggested
as a means to identify the major enzymes involved in
insecticide detoxiﬁcation. In Drosophila, exposure to high
concentrations of insecticides induced the expression of
few detoxiﬁcation genes while two known inducers
(phenobarbital and caffeine) and piperonyl butoxide
induced multiple detoxiﬁcation genes, including those
involved in insecticide metabolism (Willoughby et al.,
2006, 2007). In mosquitoes, insecticides have also been
shown to induce detoxiﬁcation enzymes. By using a
microarray representing more than 11,000 unique ESTs,
Vontas et al. (2005) identiﬁed Anopheles gambiae detoxi-
ﬁcation genes induced by the insecticide permethrin.
Little is known about regulatory elements controlling the
induction of detoxiﬁcation genes by chemicals in mosqui-
toes. In vertebrates, xenobiotics such as planar aromatic
hydrocarbons and polychlorobiphenyls (PCB) can trigger
the induction of CYP genes via the intracellular aryl
hydrocarbon receptor (AhR) (Goksoyr and Husoy, 1998).
Korashy and El-Kadi (2005) have suggested the possible
involvement of this nuclear receptor in the induction of
CYP genes by heavy metals. Upon binding of a ligand,
AhR migrates to the nucleus where it dimerizes with
‘ARNt’ (AhR nuclear translocator) before binding to
speciﬁc DNA sequences called xenobiotic response ele-
ments (XREs) located in the upstream region of CYP genes
(Backlund and Ingelman-Sundberg, 2005; Petrulis and
Perdew, 2002). AhR–XRE pathway was shown to be
conserved in insects as the black swallowtail caterpillar
(P. polyxenes) responds to xanthotoxin by inducing
CYP6B1 via XRE-like binding sites (Brown et al., 2005;
McDonnell et al., 2004). Putative XRE binding sites were
also found upstream of An. gambiae CYP6 genes induced
by permethrin (David et al., personal communication).
Other regulatory elements such as the ecdysone response
element (EcRE) (Gilbert et al., 2002), the constitutive
androstane receptor family (CAR) (King-Jones et al., 2006)
and the antioxidant response element (ARE) (Li et al.,
2002) have been involved in insect response to xenobiotics
and may participate in the cross-induction of detoxiﬁcation
genes in mosquitoes.
Here, we investigate the capacity of various xenobiotics
to modify the tolerance of Ae. aegypti larvae to two
chemical insecticides through the induction of detoxiﬁca-
tion enzymes. We exposed mosquito larvae for 24 h to sub-
lethal doses of three different xenobiotics likely to be found
in highly polluted breeding sites (the herbicide atrazine,
the polycyclic aromatic hydrocarbon ﬂuoranthene and
the heavy metal copper) and two chemical insecticides
(the pyrethroid permethrin and the organophosphate
temephos). After exposure to each xenobiotic, larval
tolerance to insecticides and detoxiﬁcation enzyme activ-
ities were compared. Expression patterns of detoxiﬁcation
genes following exposure to xenobiotics and insecticides
were compared by using the microarray ‘Aedes Detox Chip’
(Strode et al., 2007) and real-time quantitative PCR. To
investigate the role of particular regulatory elements in
cross-induction mechanisms, a comparative analysis of the
1000 bp upstream region of selected detoxiﬁcation genes
was performed. Overall, this study suggests that the cross-
induction of detoxiﬁcation enzymes involved in insecticide
metabolism by environmental xenobiotics may enhance the
tolerance of mosquito larvae to chemical insecticides.
2. Materials and methods
2.1. Mosquitoes and xenobiotics
A laboratory strain of Ae. aegypti (Bora-Bora strain,
susceptible to insecticides) was reared in standard insectary
conditions (26 1C, 8 h/12 h light/dark period, tap water)
and used for all experiments. Larvae were reared in
similar conditions with controlled amount of larval food
(hay pellets) for 5 days (fourth stage) before exposure for
24 h to ﬁve different xenobiotics belonging to various
chemical classes likely to be found in highly polluted
mosquito larvae habitats: the pyrethroid insecticide
permethrin (Chem Service, USA), the organophosphate
insecticide temephos (Abate 500 E, Bayer, France),
the herbicide atrazine (Cluzeau, France), the polycyclic
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aromatic hydrocarbon (PAH) ﬂuoranthene (Aldrich,
France) and the heavy metal copper (obtained from
CuSO4; Prolabo, France). Atrazine is a herbicide heavily
used worldwide and is likely to be found in mosquito
breeding sites near cultivated areas (e.g. ﬁeld drainpipes).
Similarly, copper is the major component of Bordeaux
mixture and is massively used to control fungus on grapes
and other berries. Finally, ﬂuoranthene is one of the most
ubiquitous PAH and is found in high concentrations in
road sediments (Durand et al., 2003). High doses of
ﬂuoranthene are likely to be found in urban mosquito
breeding sites such as road trenches.
2.2. Pre-exposure to xenobiotics
Pre-exposures to all xenobiotics were performed in
triplicate with 200 homogenous fourth stage larvae in
200ml tap water and 50mg larval food. Doses of
xenobiotics used for larval pre-exposure were chosen
according to the doses likely to be found in highly polluted
mosquito breeding sites (INERIS, http://www.ineris.fr/
rsde/). For insecticides, preliminary experiments allowed
us to choose a dose resulting in less than 5% larval
mortality after 24 h exposure (not shown). This low
mortality threshold was chosen in order to minimize the
effect of the artiﬁcial selection of particular phenotypes
more resistant to the insecticide during pre-exposure.
Doses of xenobiotics used for pre-exposures were 1.5 ppb
permethrin, 2 ppb temephos, 10 ppb atrazine, 0.25 ppm
ﬂuoranthene and 1.24 ppm copper (from CuSO4). After
24 h, larvae were collected, rinsed twice in tap water and
immediately used for subsequent bioassays, determination
of detoxiﬁcation enzyme activities and RNA extractions.
Larval pre-exposures were repeated three times with egg
batches from different generations.
2.3. Bioassays
Larval bioassays were conducted comparatively on
larvae exposed to each xenobiotic and unexposed larvae
(controls) with the two insecticides permethrin and
temephos. Bioassays were performed in triplicate with 25
larvae in 50ml insecticide solution and repeated three times
with larvae from different xenobiotic exposure experi-
ments. Four different insecticide concentrations leading to
larval mortality ranging from 5% to 95% in unexposed
larvae were used. Temephos and permethrin were used at 6,
10, 15, 20 mg/l and 2, 3, 4, 5 mg/l, respectively. Larval
mortality was monitored after 24 h contact with insecticide
and further analysed using the Log-Probit software
developed by Raymond (1993). For each insecticide, mean
LC50 was determined and tolerance ratios for larvae
exposed to each xenobiotic comparatively with unexposed
larvae were calculated and expressed as %-increased
tolerance. Because comparisons of LC50 values may not
well represent differential tolerance across all doses of
insecticide used for bioassays, differential insecticide
tolerance between larvae exposed to each xenobiotics and
controls was further analysed by generating a Generalized
Linear Model (GLM) from dose–mortality data followed
by a likelihood ratio test using R software (2007).
2.4. Glutathione S-transferase activities
Glutathione S-transferase (GST) activities were mea-
sured on larval body extracts with 1-chloro-2,4-dinitro-
benzene (CDNB; Sigma) as substrate (Habig et al., 1974).
Fifty larvae were homogenized in 500 ml of phosphate
buffer (0.05M, pH 7.2) containing 2mM ethylenediami-
netetraacetic acid (EDTA; Sigma), 0.5mM dithiothreitol
(DTT; Fluka), 0.8mM phenylmethylsulphonyl ﬂuoride
(PMSF; Sigma) and 1.5% polyvinylpyrolidone (PVP;
Sigma). Homogenates were then centrifugated at 16,000g
at 4 1C for 20min. Resulting supernatants were used for
protein content determination using the Bradford method
and kept at 20 1C until use. Reaction mixture contained
2.5ml of 0.1M phosphate buffer, 1.5 mM reduced glu-
tathione (Sigma), 1.5 mM CDNB and 200 mg proteins. The
absorbance of the reaction was measured after 1min at
340 nm with a UVIKON 930 spectrophotometer. Results
were expressed as mean nanomoles of conjugated CDNB
per mg of protein/min7S.E. Three biological replicates per
treatment were made and each measure was repeated ﬁve
times. Statistical comparison of GST activities between
controls and pre-exposed larvae was performed by using a
Mann and Whitney test (N ¼ 15).
2.5. Cytochrome P450 monooxygenase activities
P450 monooxygenase activities were comparatively
evaluated by measuring ethoxycoumarin-O-deethylase
(ECOD) activities on microsomal fractions based on the
microﬂuorimetric method of De Sousa et al. (1995). One-
gram fresh fourth stage larvae were homogenized in 2ml of
0.05M phosphate buffer (pH 7.2) containing 1mM DTT,
1mM EDTA and 0.4mM PMSF. The homogenate was
centrifugated at 10,000g for 20min at 4 1C and the resulting
supernantant was ultracentrifugated at 100,000g for 1 h at
4 1C. The microsomal fraction was then resuspended in
0.05M phosphate buffer and the microsomal protein
content was determined by the Bradford method. Twenty
micrograms microsomal proteins were then added to
0.05M phosphate buffer (pH 7.2) containing 0.4mM
7-ethoxycoumarin (7-Ec, Fluka) and 0.1mM NADPH
for a total reaction volume of 100 ml and incubated at
30 1C. After 15min, the reaction was stopped and the
production of 7-hydroxycoumarin (7-OH) was evaluated
by measuring the ﬂuorescence of each well (380 nm
excitation, 460 nm emission) with a Fluoroskan Ascent
spectroﬂuorimeter (Labsystems, Helsinski, Finland) in
comparison with a scale of 7-OH (Sigma). P450 activities
were expressed as mean picomoles of 7-OH per mg of
microsomal protein/min7S.E. Three biological replicates
per treatment were made and each measure was repeated
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ﬁve times. Statistical comparison of P450 activities between
controls and pre-exposed larvae was performed by using a
Mann and Whitney test (N ¼ 15).
2.6. Esterase activities
Esterase activities were comparatively measured on
cytosolic fractions from the 100,000g supernatant accord-
ing to the method described by Van Asperen (1962) with
a-naphthylacetate and b-naphthylacetate used as substrates
(a-NA and b-NA, Sigma). Thirty micrograms of cytosolic
proteins were added to 0.025mM phosphate buffer
(pH 6.5) with 0.5mM of a-NA or b-NA for a total volume
reaction of 180 ml and incubated at 30 1C. After 15min,
reaction was stopped by the addition of 20 ml of 10mM
Fast Garnett (Sigma) and 0.1M sodium dodecyl sulphate
(SDS, Sigma). The production of a- or b-naphthol was
measured at 550 nm with a S960-microplate reader
(Metertech, Taipei, Taiwan) in comparison with a scale
of a-naphthol or b-naphthol and expressed as mean mmoles
of a- or b-naphthol per mg of cytosolic protein/min7S.E.
Three biological replicates per treatment were made and
each measure was repeated 10 times. Statistical comparison
of esterase activities between controls and pre-exposed
larvae was performed by using a Mann and Whitney test
(N ¼ 30).
2.7. Microarray screening of detoxification genes
differentially expressed after xenobiotic exposure
Microarray construction. The ‘Aedes Detox Chip’ DNA-
microarray, developed by Strode et al. (2007), was used to
monitor changes in the expression of detoxiﬁcation genes
in larvae exposed to each xenobiotic compared to
unexposed larvae. This microarray contains 247 70-mer
probes representing 204 detoxiﬁcation genes including all
cytochrome P450 monooxygenases (P450s), GSTs and
carboxy/cholinesterases (CCEs) from the mosquito Ae.
aegypti. Each 70-mer probe, plus six housekeeping genes
and 23 artiﬁcial control genes (Universal Lucidea Scor-
ecard, G.E. Health Care, Bucks, UK) were spotted four
times on each array as previously described (David et al.,
2005).
2.7.1. Samples preparation and hybridizations
RNA extractions, cRNA synthesis and labelling reac-
tions were performed independently for each biological
replicate. Total RNA was extracted from batches of 30
fourth stage larvae using the PicoPure
TM
RNA isolation
kit (Arcturus Bioscience, Montain View, USA) according
to manufacturer’s instructions. Genomic DNA was re-
moved by digesting total RNA samples with DNase I by
using the RNase-free DNase Set (Qiagen). Total RNA
quantity and quality were assessed by spectrophotometry
before further use. Messenger RNAs were ampliﬁed using a
RiboAmp
TM
RNA ampliﬁcation kit (Arcturus Bioscience)
according to manufacturer’s instructions. Ampliﬁed RNAs
were checked for quantity and quality by spectrophoto-
metry and agarose gel electrophoresis. For each hybridiza-
tion, 8 mg of ampliﬁed RNAs were reverse transcribed into
labelled cDNA and hybridized to the array as previously
described by David et al. (2005). Each comparison was
repeated three times with different biological samples. For
each biological replicate, two hybridizations were per-
formed in which the Cy3 and Cy5 labels were swapped
between samples for a total of six hybridizations per
comparison. All hybridizations were performed against a
global reference sample obtained from a pool of ampliﬁed
RNAs from unexposed larvae obtained from each biolo-
gical replicate.
2.7.2. Data analysis
Spot ﬁnding, signal quantiﬁcation and spot superimposi-
tion for both dye channels were performed using Genepix
5.1 software (Axon Instruments, Molecular Devices, Union
City, CA, USA). For each dataset, any spot satisfying one
of the following conditions for any channel was removed
from the analysis: (i) intensity values less than 300 or more
than 65,000, (ii) signal-to-noise ratio less than 3, (iii) less
than 60% of pixel intensity superior to the median of the
local background 72SD. Data ﬁles were then loaded into
Genespring 6.1 (Agilent Technologies, Santa Clara, CA,
USA) for normalization and statistic analysis. For each
array, the spot replicates of each gene were merged and
expressed as median ratios7SD. Data from dye swap
experiments were then reversed and ratios were log
transformed. Ratio values below 0.01 were set to 0.01.
Data were then normalized using the local intensity-
dependent algorithm Lowess (Cleveland and Devlin,
1988) with 20% of data used for smoothing. For each
comparison, only genes detected in at least 50% of all
hybridizations were used for further statistical analysis.
Mean expression ratios were then submitted to a one-
sample Student’s t-test against the baseline value of 1
(equal gene expression in both samples). Genes showing an
expression ratio 41.5-fold in either direction and a t-test
P-value lower than 0.00052 (equivalent to Po0.01 with
Bonferroni’s multiple testing correction) were considered
signiﬁcantly differentially expressed after xenobiotic ex-
posure.
2.8. Quantitative real-time PCR
Expression proﬁles of selected detoxiﬁcation genes in
fourth stage larvae after exposure to each xenobiotic were
validated by real-time quantitative PCR. Larval exposures
were performed as previously described on three biological
replicates independent from those used for microarray
analysis. Thirty larvae were collected after 24 h exposure to
each xenobiotic and immediately used for total RNA
extraction using Trizol (Invitrogen) according to manu-
facturer’s instructions. Four microgram total RNAs were
then treated with DNAse I (Invitrogen) and used for
cDNA synthesis with superscript III and oligo-dT20 primer
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for 60min at 50 1C according to manufacturer’s instruc-
tions. Resulting cDNAs were diluted 125 times for real-
time quantitative PCR reactions (10 times for CYP12F8
due to low expression). Real-time quantitative PCR
reactions of 25 ml were performed on an iQ5 system
(BioRad) using iQ SYBR Green supermix (BioRad),
0.3 mM of each primer and 5 ml of diluted cDNAs according
to manufacturer’s instructions. For each gene analysed, a
cDNA dilution scale from 5 to 50,000 times was performed
in order to assess efﬁciency of PCR. Data analysis was
performed according to the DDCT method taking into
account PCR efﬁciency (Pfafﬂ, 2001) and using the gene
encoding the ribosomal protein L8 (AeRPL8, GenBank
accession no.: DQ440262) for normalization. This gene was
chosen among six housekeeping genes regarding its low
expression variations from microarray experiments. Re-
sults were expressed as mean expression ratios (7S.E.)
between larvae exposed to each xenobiotic and controls.
Only genes showing more than 2-fold over-expression in
larvae exposed to xenobiotic comparatively to controls
were considered signiﬁcantly induced. Comparison of basal
expression of detoxiﬁcation genes was based on normalized
expression levels obtained from control larvae.
2.9. Comparative promoter analysis
Genomic fragments of 1000 bp upstream of the ﬁrst
codon of each gene analysed by real-time quantitative RT-
PCR were extracted from Ae. aegypti genomic sequence
(1.0 Genebuild, Nene et al., 2007). Each genomic fragment
was then blasted against Genbank protein database
(Blastx) to ensure no protein coding sequences were
located within those fragments. Presence and position of
putative TATA boxes and transcription starting sites were
manually annotated. Promoter elements search was per-
formed with TESS software (http://www.cbil.upenn.edu/
cgi-bin/tess/). Search was focused on the presence of the
core sequence of xenobiotic response elements (XREs)
essential for AhR binding (XRE, 50-GCGTG-30), the
antioxidant response element ARE, (50-TMANNRT-
GACNNNGCRWWWW-30) based on mammalian se-
quences, the Drosophila EcRE (50-RRKKCANTSAMC-30)
and the direct repeat motifs DR4 (CAR/RXR, 50-RGGT-
CANNNNAGTNCA-30), DR3 (PXR/RXR, 50-RGKT-
CANNNAGTTCA-30) and DR1 (PPAR/RXR, 50-AGGG-
CANAGKYSA-30) shown to be involved in xenobiotic
response (review in Masahiko and Honkakoski, 2000).
Search parameters were as follows: maximum allowed
string mismatch ¼ 20%, minimum log-likelihood ratio
score ¼ 8, minimum string length ¼ 5 and minimum
Lg-likelihood ratio ¼ 6. Only sites showing Lq scores
above 0.85 (equivalent to perfect match for XRE core
sequence) were considered signiﬁcant.
3. Results
Exposing Ae. aegypti larvae to a sub-lethal dose of the
herbicide atrazine, the heavy metal copper, the PAH
ﬂuoranthene and the two insecticides permethrin and
temephos for 24 h affected their subsequent tolerance to
insecticides (Table 1). Larval tolerance to the pyrethroid
insecticide permethrin was moderately improved after
exposure to ﬂuoranthene and copper (25% and 11%
increase in LC50, respectively), almost unaffected after
exposure to temephos (4% increase in LC50) and not
affected after exposure to atrazine and permethrin. Larval
tolerance to the organophosphate temephos was moder-
ately augmented after exposure to atrazine, permethrin,
copper and ﬂuoranthene (20%, 18%, 16% and 11%
increase in LC50, respectively) but only slightly increased
after exposure to temephos (7% increase in LC50).
Larval exposure to xenobiotics and insecticides led to
signiﬁcant modiﬁcations of their GST and P450 activities.
GST activities (Fig. 1) were slightly but signiﬁcantly
induced in larvae exposed to ﬂuoranthene ( 1.23-fold
and Po0.05) while exposure to copper lead to a signiﬁcant
decrease in GST activities (/1.40-fold and Po0.05).
Exposure to atrazine, permethrin and temephos did not
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Table 1
Differential tolerance of Ae. aegypti larvae to permethrin and temephos after exposure for 24 h to xenobiotics and insecticidesa
Treatment Permethrin Temephos










Controls 3.8 (3.6–4.0) – – 13.4 (12.1–15.0) – –
Atrazine 3.8 (3.6–4.0) 1 ns 16.1 (14.6–17.8) 20 ***
Copper 4.2 (4.0–4.5) 11 *** 15.6 (14.3–17.1) 16 ***
Fluoranthene 4.7 (4.5–5.0) 25 *** 14.9 (13.4–16.5) 11 ***
Permethrin 3.9 (3.6–4.2) 3 ns 15.8 (14.7–17.0) 18 ***
Temephos 4.0 (3.8–4.2) 4 * 14.4 (12.8–16.8) 7 *
aLarvae were exposed for 24 h to sub-lethal doses of ﬁve different xenobiotics (atrazine, copper, ﬂuoranthene, permethrin and temephos). For each
treatment, increased tolerance of larvae exposed to each insecticide comparatively to unexposed larvae (controls) was calculated by comparing LC50
values. For each comparison, a Generalized Linear Model (GLM) followed by a likelihood ratio test was used for statistical comparisons of larval
tolerance to each insecticide (ns: non signiﬁcant, *Po0.05, **Po0.01 and ***Po0.001).
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signiﬁcantly affect larval GST activities. Microsomal larval
P450 activities (Fig. 2) were induced after exposure to
ﬂuoranthene, copper and permethrin ( 1.5-fold,  1.4-
fold and  1.2-fold with P-values o0.001, o0.001 and
o0.05, respectively) while no signiﬁcant changes in P450
activities were observed after exposure to atrazine or
temephos. No signiﬁcant modiﬁcation of global larval a- or
b-cytosolic esterase activities were observed in larvae
exposed to any xenobiotic (Fig. 3).
By using the microarray ‘Aedes Detox Chip’ (Strode
et al., 2007), we identiﬁed 12 detoxiﬁcation genes sig-
niﬁcantly induced in fourth stage larvae following a
24 h exposure to a sub-lethal dose of xenobiotics or
insecticides (Table 2 and Supplementary Table 1). Among
them, 11 genes encode P450s (CYPs) and one encodes a
carboxylesterase (CCE). Larvae exposed to ﬂuoranthene
showed a signiﬁcant over-expression of ﬁve CYP genes
(CYP6N12, CYP6Z8, CYP6M6, CYP6Z9 and CYP12F8).
Exposing larvae to the herbicide atrazine induced three
CYP genes (CYP9M8, CYP6AL1 and CYP9M9) and one
gene encoding a putative juvenile hormone (JH) esterase
(CCEjhe1F). Exposure to copper signiﬁcantly induced two
CYP genes (CYP6M11 and CYP9J15). Finally, larvae
exposed to permethrin revealed a signiﬁcant over-expres-
sion of three CYP genes (CYP9M9, CYP314A1 and
CYP9M8) while temephos exposure did not signiﬁcantly
induce any detoxiﬁcation gene. Microarray screening
revealed that different xenobiotics can signiﬁcantly induce










































Atrazine Copper Fluoranthene Permethrin Temephos
Fig. 1. Differential GST activities of Ae. aegypti larvae exposed for 24 h to sub-lethal doses of ﬁve different xenobiotics (atrazine, copper, ﬂuoranthene,
permethrin and temephos). Larval GST activities were measured with the CDNB method (Habig et al. 1974) on 200mg microsomal proteins during 1min
and expressed as nmol of conjugated CDNB/mg protein/min (7S.E.). For each treatment, statistical comparison of GST activities between xenobiotic-










































Atrazine Copper Fluoranthene Permethrin Temephos
Fig. 2. Differential P450 activities of Ae. aegypti larvae exposed for 24 h to sub-lethal doses of ﬁve different xenobiotics (atrazine, copper, ﬂuoranthene,
permethrin and temephos). Larval P450 activities were measured with the ECOD method (De Sousa et al. 1995) on 20 mg microsomal proteins after 15min
and expressed as pmol of 7-OH produced/mg microsomal protein/min (7S.E.). For each treatment, statistical comparison of P450 activities between
xenobiotic-exposed larvae and controls were performed with a Mann and Whitney’s test (N ¼ 15, *po0.05, **po0.01, ***po0.001).
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Real-time quantitative RT-PCR on different biological
replicates was used to validate the expression pattern of the
12 genes isolated from microarray experiments (Fig. 4).
The speciﬁc inductions of CYP6M6 by ﬂuoranthene and
CYP6M11 by copper were conﬁrmed (2.2- and 3.4-fold,
respectively). Interestingly, the induction of CYP9M9,
CYP9M8, CYP6Z8, CYP6AL1, CYP6N12 and CCEjhe1F
by one xenobiotic was conﬁrmed but multiple inductions
of these genes by other xenobiotics were also observed.
All these genes were induced by ﬂuoranthene and
permethrin with CYP9M9 and CYP6N12 being induced
by one more xenobiotic (temephos and copper, respec-
tively) and CYP9M8, CYP6Z8, CYP6AL1 and CCEjhe1F
being induced by at least four xenobiotics. High induc-
tion ratios were obtained for CYP9M9 (ﬂuoranthene
5.4-fold), CYP9M8 (atrazine 6.0-fold, ﬂuoranthene
5.9-fold), CYP6Z8 (ﬂuoranthene 4.6-fold), CYP6AL1
(atrazine 14.3-fold, ﬂuoranthene 10.1-fold and permethrin
6.4-fold) and CCEjhe1F (atrazine 15.5-fold, copper 6.3-
fold, ﬂuoranthene 10.2-fold and permethrin 7.7-fold).
Finally, induction of CYP9J15 by copper, CYP12F8
and CYP6Z9 by ﬂuoranthene and CYP314A1 by perme-
thrin were not conﬁrmed by real-time quantitative
RT-PCR.
Comparison of the basal expression levels of those 12
detoxiﬁcation genes in fourth stage larvae revealed wide
differences in their basal expression level (Fig. 5). As
expected, expression of most detoxiﬁcation genes was
considerably lower than the expression of the housekeeping













































Atrazine Copper Fluoranthene Permethrin Temephos
Fig. 3. Differential esterase activities of Ae. aegypti larvae exposed for 24 h to sub-lethal doses of ﬁve different xenobiotics (atrazine, copper, ﬂuoranthene,
permethrin and temephos). Larval a-esterase (white bars) and b-esterase (dark bars) activities were measured with the naphthyl acetate method (Van
Asperen, 1962) on 30mg cytosolic proteins after 15min and expressed as mmol a- or b-naphthol produced/mg protein/min (7S.E.). For each treatment,
statistical comparison of a- and b-esterase activities between xenobiotic-exposed larvae and controls were performed with a Mann and Whitney’s test
(N ¼ 30, *po0.05, **po0.01, ***po0.001).
Table 2
Microarray analysis of the induction of detoxiﬁcation genes in Ae. aegypti larvae after exposure for 24 h to xenobiotics and insecticidesa
Gene Atrazine Copper Fluoranthene Permethrin Temephos
Ratio P-value Ratio P-value Ratio P-value Ratio P-value Ratio P-value
CYP9M9 1.57 3.5E07 1.22 2.1E01 2.85 6.4E04 2.56 4.5E05 1.33 4.3E01
CYP9M8 3.38 2.9E06 0.46 1.6E01 0.58 2.4E01 1.63 1.3E04 0.71 2.6E01
CYP6M11 0.97 7.9E01 2.56 9.7E08 1.82 1.7E02 2.12 3.1E03 1.20 3.5E01
CYP6Z8 1.04 6.1E01 0.92 5.3E01 1.73 1.6E04 0.89 3.7E01 0.76 1.2E01
CYP6Z9 1.11 2.3E01 1.04 6.9E01 1.56 8.4E06 1.34 4.9E03 0.83 2.6E01
CYP6M6 1.00 9.8E01 1.23 1.1E01 1.71 7.8E09 1.03 7.3E01 0.61 1.2E01
CYP314A1 1.29 2.3E03 1.19 2.7E01 1.93 1.1E03 1.92 6.1E05 1.53 5.7E02
CYP6AL1 1.62 2.0E04 0.66 2.2E01 0.22 1.7E03 0.79 4.4E01 0.61 8.7E02
CYP9J15 1.04 6.1E01 1.56 2.3E04 1.04 7.4E01 0.99 9.6E01 0.82 2.7E01
CYP6N12 1.07 3.8E01 1.12 3.4E01 2.23 1.6E04 1.14 1.1E01 0.71 1.2E01
CYP12F8 1.02 7.9E01 1.28 2.3E02 1.50 1.3E05 0.94 5.0E01 0.80 1.5E01
CCEjhe1F 2.03 3.8E07 1.10 8.3E01 1.12 5.8E01 1.22 2.1E01 0.77 6.0E01
aLarvae were exposed for 24 h to sub-lethal doses of ﬁve different xenobiotics and insecticides (atrazine, copper, ﬂuoranthene, permethrin and
temephos) before microarray analysis of the expression of detoxiﬁcation genes. Only genes showing a signiﬁcant differential expression after a minimum of
one treatment are shown. Expression ratios between treated larvae and controls are indicated for each treatment. Expression ratios and P-values of genes
considered signiﬁcantly induced are shown in bold.
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Among detoxiﬁcation genes, larval basal expression levels
vary greatly, with CYP6Z8 and CYP6N12 showing high
expression levels, CYP314A1, CCEjhe1F and CYP6Z9
being low expressed and CYP12F8 being hardly detectable
by real-time quantitative PCR (Fig. 5).
To investigate the role of the AhR pathway in the
induction of detoxiﬁcation genes by xenobiotics, a pre-
liminary analysis of the 1000 bp upstream region of the 12
genes analysed by real-time RT-PCR was performed
(Fig. 6), looking for putative XRE binding sites together
with other known regulatory elements such as the EcRE,
the ARE and direct repeats DR4 (CAR/RXR), DR3
(PXR/RXR) and DR1 (PPAR/RXR). Five CYP genes
(CYP6Z8, CYP6M6, CYP9J15, CYP6N12 and CYP12F8)
and the JH esterase CCEjhe1F possess at least one XRE
element in their 1000 bp upstream sequence with CYP6Z8
and CCEjhe1F possessing ﬁve and three XRE elements,
respectively. Among these, three genes (CYP6Z8,
CYP6N12 and CCEjhe1F) were induced by multiple
xenobiotics. On the other hand, other genes responding
to multiple xenobiotics did not reveal the presence of
putative XRE elements. ARE were found upstream of
CYP6N12, CYP6M11 and CYP6M6 and may reﬂect the
involvement of this element in the response to metabolic
stress. Ten promoter sequences contain putative EcRE
elements. Interestingly, EcRE was the only element found
upstream of four genes including the mitochondrial P450
CYP314A1, the ortholog of the Drosophila and Anopheles
P450s ‘Shade’ involved in ecdysone metabolism (Gilbert,
2004). Finally, no putative direct repeat DR4, DR3 or DR1













































14.3 ± 4.9 10.1 ± 4.4 15.5 ± 9.0 10.2 ± 4.8
CYP9M8 CYP6M11 CYP6Z8 CYP6Z9 CYP6M6 CYP314A1 CYP6AL1 CYP9J15 CYP6N12 CYP12F8 CCEjhe1F
Fig. 4. Comparative real-time quantitative RT-PCR analysis of the differential expression of 12 selected detoxiﬁcation genes in Ae. aegypti larvae exposed
for 24 h to sub-lethal doses of ﬁve different xenobiotics (atrazine, copper, ﬂuoranthene, permethrin and temephos). Gene expression values are indicated as
fold expression (7S.E.) in larvae exposed to each xenobiotic comparatively to unexposed larvae (controls). The housekeeping gene AeRPL8 was used as














































CYP6N12 CYP6M6 CYP6M11 CYP9M9 CYP6AL1 CYP9J15 CYP9M8 CYP314A1CCEjhe1F CYP6Z9 CYP12F8
Fig. 5. Constitutive expression levels of 12 selected detoxiﬁcation genes in Ae. aegypti larvae. Gene expression was measured by real-time quantitative RT-
PCR in fourth-stage larvae in absence of xenobiotics. Expression levels were normalized with the housekeeping gene AeRPL8 and are shown as expression
ratios relative to the gene showing the highest expression (mean7S.E.). Fold expression is indicated above each bar.
R. Poupardin et al. / Insect Biochemistry and Molecular Biology 38 (2008) 540–551 547
4. Discussion
In the last 60 years, the amount of anthropogenic
xenobiotics released into natural ecosystems has dramati-
cally increased. Although the effect of these chemicals on
human health is intensively studied, their impact on insect
metabolism and insecticide resistance mechanisms remains
poorly understood. Here we investigated the potential of
various xenobiotics likely to be found in polluted mosquito
breeding sites to modify the tolerance of mosquito larvae to
insecticides through the cross-induction of detoxiﬁcation
enzymes. We showed that the presence of xenobiotics in the
water where mosquito larvae develop can modify their
tolerance to chemical insecticides. Although the increases in
insecticide tolerance reported here are marginal compara-
tively to inherited resistance levels obtained after many
generations of selection with insecticides, our results show
that the presence of particular xenobiotics may contribute to
insecticide tolerance in mosquito larvae. This phenomenon
might be more pronounced in highly polluted mosquito
breeding sites or following a temporary dramatic pollution
event. Suwanchaichinda and Brattsten (2001) exposed Ae.
albopictus larvae for 48h to various herbicides and
fungicides before measuring their tolerance to the insecticide
carbaryl. Interestingly, no signiﬁcant effect was observed
with atrazine, simazine and 2,4-dichlorphenoxyacetic acid
(2,4-D) while a 70% reduced mortality to 1ppm carbaryl
and a signiﬁcant increase of P450 activities were observed
after exposing larvae to 2 ppm pentachlorophenol.
Many studies have revealed the capacity of insect
detoxiﬁcation enzymes to be induced by xenobiotics and
the relationship between elevated detoxifying enzyme levels
and tolerance to chemical insecticides (Enayati et al., 2005;
Feyereisen, 2005; Hemingway et al., 2004; Yu, 1996). Our
work demonstrates that ﬂuoranthene, copper, and perme-
thrin induce P450 activities while GST activities were only
induced by ﬂuoranthene and repressed by copper. Micro-
array data indicate that the repression of GST activities by
copper is not likely to be the consequence of gene
repression. As described in other studies, this repression
is rather likely to result from the inhibition of GST
enzymes through radical oxygen species-induced oxidation
and non-speciﬁc Cu2+ binding to protein thiol groups
(Letelier et al., 2006).
The three xenobiotics with the highest effect on
increasing larvae tolerance to insecticides were also the
best inducers of P450 activities. This trend supports the
central role of this enzyme family in the increased tolerance
of larvae to insecticides through their induction by
environmental xenobiotics and insecticides. Our study
showed that larval pre-exposure to a sub-lethal dose of
one insecticide does not necessarily lead to signiﬁcant
increased tolerance to the insecticide. This may indicate
that the dose or the duration of exposure was not sufﬁcient
to obtain a signiﬁcant toxicological effect. However, this
also suggests that insecticides may not always be the most
potent inducers of detoxifying enzymes able to metabolize
them. The latter hypothesis is supported by results
obtained in Drosophila by Willoughby et al. (2006) showing
that a short exposure to high lethal concentrations of
insecticides only induce few detoxiﬁcation genes compara-
tively to phenobarbital and caffeine inducing multiple CYP


















Xenobiotic Response Element (XRE)
Antioxidant Response Element (ARE)
Ecdysone Response Element (EcRE)
Fig. 6. Comparative analysis of the promoter regions of 12 selected detoxiﬁcation genes in Ae. aegypti. Automated analysis was performed with TESS
software. Search was focused on the presence of the core sequence of xenobiotic responsive elements (XRE) essential for Ah-R binding, the antioxidant
responsive element (ARE), based on mammalian sequences, the Drosophila ecdysone response element (EcRE) and the mammalian direct repeat motifs
DR4, DR3 and DR1. Only elements showing Lq scores above 0.85 (equivalent to perfect match for XRE elements) are shown. Putative TATA boxes and
transcription starting sites are indicated. Sequences are numbered from the ﬁrst base of the ﬁrst codon. Dotted line represents missing sequence data.
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We used the microarray Aedes Detox Chip to screen for
detoxiﬁcation genes induced in fourth stage larvae after
exposure to ﬂuoranthene, copper, atrazine, permethrin or
temephos. Among the 12 detoxiﬁcation genes identiﬁed, 11
encode P450s including nine genes belonging to the CYP6
and CYP9 families. This ﬁnding supports the work of
Strode et al. (2007) showing the expansion of these CYP
families in Ae. aegypti and their probable involvement in
the adaptation of this mosquito species to xenobiotics and
insecticides. Real-time quantitative RT-PCR experiments
conﬁrmed the induction of seven CYP genes (CYP9M9,
CYP9M8, CYP6M11, CYP6Z8, CYP6M6, CYP6AL1,
CYP6N12) and the JH esterase CCEjhe1F by xenobiotics
and insecticides, and revealed cross-induction patterns not
evidenced by microarray analysis. Conversely, the induc-
tion patterns of four CYP genes (CYP6Z9, CYP314A1,
CYP9J15 and CYP12F8) obtained from microarray data
were not conﬁrmed. Discrepancies between microarrays
and real-time quantitative RT-PCR data can result from
biological variations (different biological samples used for
microarray and RT-PCR) or technical issues during
microarray experiments. The low gene induction levels
obtained from microarray data may be partially explained
by the well-known underestimation of expression ratios
by microarrays compared with real-time quantitative
RT-PCR (Yuen et al., 2002). Our results reveal that the
risk of error in both techniques is much greater for genes
with very low expression levels (Fig. 5) and conﬁrm that
microarray experiments require cross-validation with other
gene-expression proﬁling techniques.
Many CYP genes belonging to CYP6 and CYP9 families
were induced by multiple xenobiotics including the
insecticide permethrin. Conversely, temephos did not
appear as a strong CYP inducer, conﬁrming microarray
data and poor toxicological effects obtained after temephos
exposure. In An. gambiae, CYP6Z genes are over-
transcribed in the permethrin-resistant strain RSP (Nikou
et al., 2003) and induced by permethrin (J.P. David,
personal communication). Our results show that CYP6Z8,
closely related to An. gambiae CYP6Zs, is induced by
copper, ﬂuoranthene, permethrin and temephos, support-
ing the chemoprotective role of CYP6Zs in mosquitoes. In
addition, the very high expression level of CYP6Z8 in
larvae may indicate that this particular P450 plays a major
role in xenobiotic response during the aquatic larval stages.
CYP6AL1 was also found induced by all xenobiotics.
Previous studies revealed the induction of this gene in Ae.
aegypti larvae after ingestion of arborescent decomposed
leaf litter containing bacterial toxins, indicating a possible
role in stress response (David et al., 2006; Tilquin et al.,
personal communication). Although the induction of
CYP6N12, CYP6M6, CYP6M11, CYP9M8 and CYP9M9
have not yet been documented in Ae. aegypti, closely
related genes were found up-regulated in adults of a
permethrin-resistant strain (CYP9M6) or induced by
permethrin (CYP6N6 and CYP9M5), suggesting that these
CYP sub-families are involved in insecticide response
(W.C. Black, personal communication). The JH esterase
CCEjhe1F was found induced by atrazine, copper,
ﬂuoranthene and permethrin and may contribute to the
increased tolerance to temephos observed after exposure to
those xenobiotics. By studying its expression pattern,
protein sequence and JH metabolism capacity, Bai et al.
(2007) characterized this gene (GenBank accession no.:
EAT43357) as a functional JH esterase regulated by JH
level. Interestingly, this gene was highly induced by
atrazine which is considered as an endocrine disruptor in
vertebrate (Hayes et al., 2006). Whether xenobiotics and
insecticides interact with hormone levels or can directly
affect JH esterase gene regulation is not clear but
interactions between hormone metabolism and xenobiotic
response may occur.
Automated analysis of the promoter region of detox-
iﬁcation genes revealed the presence of XRE elements
within 1000 bp upstream of ﬁrst codon for six detoxiﬁca-
tion genes out of 12. Interestingly, promoter sequences of
CYP6Z8 and CCEjhe1F, both induced by multiple
xenobiotics, contains three and ﬁve XRE elements,
respectively, suggesting that this element may be linked
to cross-induction capacity. However, no XRE elements
were found in other genes induced by multiple xenobiotics,
and no obvious relationship came into view between
xenobiotic response and the presence of XRE or other
particular regulatory element. This may be due to complex
interactions between different regulatory elements and
xenobiotics but also to the presence of additional elements
further upstream or in other genomic regions. Conﬁrming
the role of particular regulatory elements in xenobiotic
induction mechanisms in mosquitoes will require further
in silico and experimental studies.
The present study represents a ﬁrst-step in understanding
the molecular mechanisms by which environment can
inﬂuence the tolerance of mosquitoes to insecticides. The
unambiguous demonstration of the role of environmental
xenobiotics in the regulation of detoxiﬁcation enzymes able
to metabolize insecticides requires additional experiments.
In this concern, the in vitro expression of genes showing
cross-induction patterns between insecticides and environ-
mental xenobiotics will allow testing for their capacity to
bind and metabolize insecticides. Finally, our study was
focused on the short-term effect of xenobiotics on the
phenotypic plasticity associated with the tolerance of
mosquito larvae to insecticides. Considering the persistent
contamination of wetlands by anthropogenic chemicals
and the potential effect of phenotypic plasticity on the
selection of particular genes (Ghalambor et al., 2007), the
question of the long-term impact of environmental
xenobiotics on inherited insecticide resistance also repre-
sents a crucial future research direction.
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a b s t r a c t
The effect of exposure of Aedes aegypti larvae for 72h to sub-lethal concentrations of the herbicide
glyphosate and the polycyclic aromatic hydrocarbon benzo[a]pyrene on their subsequent tolerance to
the chemical insecticides imidacloprid, permethrin and propoxur, detoxification enzyme activities and
transcription of detoxification genes was investigated. Bioassays revealed a significant increase in larval
tolerance to imidacloprid and permethrin following exposure to benzo[a]pyrene and glyphosate. Larval
tolerance to propoxur increased moderately after exposure to benzo[a]pyrene while a minor increased
tolerance was observed after exposure to glyphosate. Cytochrome P450 monooxygenases activities were
strongly induced in larvae exposed tobenzo[a]pyrene andmoderately induced in larvae exposed to imida-
cloprid and glyphosate. Larval glutathione S-transferases activities were strongly induced after exposure
to propoxur and moderately induced after exposure to benzo[a]pyrene and glyphosate. Larval esterase
activities were considerably induced after exposure to propoxur but only slightly induced by other xeno-
biotics. Microarray screening of 290 detoxification genes following exposure to each xenobiotic with the
DNA microarray Aedes Detox Chip identified multiple detoxification and red/ox genes induced by xeno-
biotics and insecticides. Further transcription studies using real-time quantitative RT-PCR confirmed the
induction of multiple P450 genes, 1 carboxy/cholinelesterase gene and 2 red/ox genes by insecticides
and xenobiotics. Overall, this study reveals the potential of benzo[a]pyrene and glyphosate to affect the
tolerance of mosquito larvae to chemical insecticides, possibly through the cross-induction of particular
genes encoding detoxification enzymes.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Mosquitoes transmit numerous human and animal pathogens
and chemical insecticides are widely employed in their control.
However the success of control programs is now threatened as the
repeated exposure of mosquito populations to chemical insecti-
cides has led to the selection of mutations conferring an increased
resistance to these insecticides (Hemingway et al., 2004). Inherited
resistance to chemical insecticides is usually caused by mutations
 Data deposition: The description of the microarray ‘Aedes Detox Chip’ can be
accessed at http://www.ebi.ac.uk/arrayexpress. Experimental microarray data have
been deposited at VectorBase.org and can be accessed at: http://funcgen.vectorbase.
org/ExpressionData/experiment/Larval%20response%20to%202%20pollutants%20
and%203%20insecticides%20(Riaz%20et%20al.,%202009).
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in the protein targeted by the insecticide (target-site resistance)
or the increases in the rate of bio-degradation of the insecticide
(metabolic resistance). Considerable research efforts are focused
on elucidating the molecular basis of these resistance mechanisms
but less attentionhas beenpaid to the short-termeffect of exposure
to insecticides or other xenobiotics on themosquitoes’ tolerance to
insecticides and yet this could also have a significant impact on
the efficacy of mosquito control. More precisely, it can be hypothe-
sized that in polluted environments, xenobiotics found inmosquito
habitats may induce particular enzymes involved in the degrada-
tion of chemical insecticides, leading to an increased tolerance of
mosquitoes to insecticides. This is supported by the capacity of
detoxification enzymes such as cytochrome P450monooxygenases
(P450s or CYP for genes), glutathione S-transferases (GSTs) and car-
boxy/cholinelesterases (CCEs), to be induced by various chemicals
(Hemingway et al., 2002, 2004; Feyereisen, 2005).
To date, few studies have investigated molecular interac-
tions between other environmental xenobiotics and insecticides
in aquatic insects. Exposure of Ae. albopictus larvae to benzoth-
iazole (a major leachate compound of automobile tires) and
0166-445X/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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pentachlorophenol (a wood-protecting agent) increased their tol-
erance to different types of insecticides such as carbaryl, rotenone
and temephos (Suwanchaichinda and Brattsten, 2001, 2002). This
increased tolerance was correlated with an induction of P450
activity. Recently, microarray-based approaches have been used to
investigate the effect of xenobiotic exposure on the transcription
of detoxification genes in Drosophila. The barbiturate phenobarbi-
tal and the herbicide atrazine induced the transcription of multiple
CYPs and GSTs in adult flies including genes previously linked to
insecticide resistance (Le Goff et al., 2006). In mammals, a causal
link between the induction of particular detoxification enzymes
by xenobiotics and their ability to metabolize them has been
demonstrated and successfully utilized to identify drug metabo-
lizing enzymes (Waxman, 1999; Luo et al., 2004). This approach
was also used to identify two CYP6 genes in Papilio polyxenes
metabolizing furanocoumarins, toxins produced by their host plant
(Petersen et al., 2001;Wen et al., 2003). Hence, studying the induc-
tion profile of insect detoxification enzymes has been suggested
as a mean to identify the major enzymes involved in insecticide
detoxification. In Drosophila, exposure to high concentrations of
insecticides induced the transcription of few detoxification genes
while two known inducers (phenobarbital and caffeine) and piper-
onyl butoxide induced multiple detoxification genes, including
those involved in insecticide metabolism (Willoughby et al., 2006,
2007). In mosquitoes, insecticides have also been shown to induce
detoxification enzymes. By using a microarray representing more
than 11,000 unique ESTs, Vontas et al. (2005) identified Anopheles
gambiae detoxification genes induced by the insecticide perme-
thrin. Recently, we used Ae. aegypti larvae to study the interactions
between three environmental pollutants and three chemical insec-
ticides (Poupardin et al., 2008). This study revealed that exposing
mosquito larvae to sub-lethal concentrations of the herbicide
atrazine, copper sulfate and fluoranthene increased their tolerance
to the pyrethroid insecticide permethrin and the organophosphate
insecticide temephos. In these experiments, increased tolerance
was correlated to an elevation of detoxification enzyme activities
and, by using a DNA microarray approach, specific detoxification
genes induced by these xenobiotics were identified (Poupardin et
al., 2008).
The objective of the current study was to determine whether
other environmental xenobiotics found in polluted mosquito
breeding sites also impacted on themosquitoes’ tolerance to chem-
ical insecticides. Glyphosate (N-(phosphonomethyl)glycine, trade
name Roundup) is a soluble systemic herbicide. It is usedmassively
on crops genetically engineered to resist its effects (Roy, 2004;
Young, 2006). Although glyphosate does not seem to generate a sig-
nificant toxicity onmost arthropods (Haughton et al., 2001; Jackson
and Pitre, 2004), its indirect potential effects on insect ability to
resist insecticides have not yet been investigated. Concentrations of
glyphosateup to1mg/Lhavebeen recorded inpoolsor streamsnear
agricultural areas (Wanetal., 2006) suggesting thatmosquito larvae
near treated areas can be temporarily exposed to high concentra-
tions of this herbicide and its metabolites. The polycyclic aromatic
hydrocarbon (PAH) benzo[a]pyrene is a common product of incom-
plete combustion of fossil fuels such as coal, diesel and gasoline
(Bostrom et al., 2002; Pengchai et al., 2003). This hydrophobic pol-
lutant has been found at concentrations up to 5ppm adsorbed on
particles from various ecosystems (Lewis et al., 1999; Lambert and
Lane, 2004) and is likely to be in contact with mosquito larvae,
commonly feeding on small particles, in breeding sites located in
proximity of industrial or urban areas (Hassanien and Abdel-Latif,
2008). In vertebrates, planar aromatic hydrocarbons can trigger
the induction of CYP genes via the intracellular aryl hydrocar-
bon receptor (AhR) (Goksoyr and Husoy, 1998). As these genes
have been frequently involved in metabolic resistance to chemical
insecticides in insects, it can be hypothesized that benzo[a]pyrene
has an impact on the tolerance of mosquito larvae to chemical
insecticides.
In the present study, we investigate the capacity of glyphosate
and benzo[a]pyrene to modify the tolerance of Ae. aegypti lar-
vae to three different chemical insecticides used worldwide for
controlling mosquito populations (permethrin, imidacloprid and
propoxur). We exposed mosquito larvae for 72h to sub-lethal
concentrationsof eachchemical before comparing their larval toler-
ance to each insecticide and their detoxification enzyme activities.
Transcription pattern of 290 detoxification genes following expo-
sure to xenobiotics and insecticides were compared by using the
microarray ‘Aedes Detox Chip’ (Strode et al., 2008) and validated
by real-time quantitative RT-PCR. Overall, our work suggests that
the induction of detoxification enzymes involved in insecticide
metabolism by benzo[a]pyrene and glyphosate may enhance the
tolerance of mosquito larvae to chemical insecticides.
2. Materials and methods
2.1. Mosquitoes and xenobiotics
A laboratory strain of Ae. aegypti (Bora–Bora strain, susceptible
to insecticides) was reared in standard insectary conditions (26 ◦C,
8h/12h light/dark period, tap water) and used for all experiments.
This mosquito species is an important vector of human pathogens
such as dengue hemorrhagic fever and is often found in close prox-
imity to urban, sub-urban and industrial areas (Dutta et al., 1999).
Larvae were reared in insectary conditions with controlled amount
of larval food (hay pellets) for 3 days before exposure for 72h to two
different xenobiotics likely to be found in highly pollutedmosquito
larvae habitats: the herbicide glyphosate (trade name Roundup,
Monsanto,Belgium)and thepolycyclic aromatichydrocarbon (PAH)
benzo[a]pyrene (Fluka, USA).
2.2. Pre-exposure of mosquito larvae to xenobiotics
Pre-exposures to xenobiotics were performed in triplicate with
100 homogenous 2nd stage larvae in 200mL of tap water con-
taining 50mg of ground larval food (hay pellets). Concentrations
of xenobiotics used for larval pre-exposure were chosen accord-
ing to the concentrations likely to be found in highly polluted
mosquito breeding sites (INERIS, http://www.ineris.fr/rsde/). Prior
to bioassays with insecticides, larvae were exposed for 72h to 0.1
or 1M benzo[a]pyrene and glyphosate separately. After 72h, 4th
stage larvae were collected, rinsed twice in tap water and immedi-
ately used for bioassays. Biochemical and molecular analysis were
performed on the mosquitoes pre-exposed in the same manner
but in addition to benzo[a]pyrene and glyphosate, the effect of
pre-exposure to three chemical insecticides on enzyme activity
and gene transcription was also investigated. Three insecticides
massively employed worldwide for mosquito control, belong-
ing to different chemical classes and having different modes of
action were used: the neonicotinoid imidacloprid (Sigma–Aldrich,
Germany), the pyrethroid permethrin (Chem Service, USA) and
the carbamate propoxur (Sigma–Aldrich, Germany). For insecti-
cide pre-exposures, a concentration resulting in 10–15% larval
mortality after 72h exposure was selected. This low mortality
threshold was chosen in order to minimize the effect of the arti-
ficial selection of particular phenotypes more resistant to the
insecticide during pre-exposure. Concentrations of xenobiotics
used for pre-exposure were: 1M (169.1g/L) glyphosate, 1M
(252.3g/L) benzo[a]pyrene, 25g/L imidacloprid, 1g/L per-
methrin and 200g/L propoxur. For benzo[a]pyrene, the water
solubility limit (∼10g/L) was exceeded in order to mimic an
aquatic environment highly contaminated with benzo[a]pyrene
where mosquito larvae can ingest high dose of this pollutant
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together with food particles or as micro-crystals. After 72h, 4th
stage larvae were collected, rinsed twice in tap water and immedi-
ately used for the determination of detoxification enzyme activities
and RNA extractions. All larval pre-exposures were repeated three
times with egg batches from different generations.
2.3. Bioassays with insecticides
Larval bioassays were conducted comparatively on larvae
exposed to glyphosate or benzo[a]pyrene and unexposed larvae
(controls) with the 3 chemical insecticides imidacloprid, perme-
thrin and propoxur. Bioassays were performed in triplicate with 25
larvae in 50mL insecticide solution and repeated 3 times with lar-
vae from different xenobiotic exposure experiments (see above).
Four different insecticide concentrations leading to larval mortal-
ity ranging from 5% to 95% were used. Imidacloprid, permethrin
and propoxur were used at 300–2750, 2.5–10 and 400–1000g/L,
respectively. Larval mortality was monitored after 24h contact
with insecticide and further analyzed using the Log-Probit software
developed by Raymond (1993). For each insecticide, the mean LC50
was determined and tolerance ratios for larvae exposed to each
xenobiotic comparatively with unexposed larvae were calculated
and expressed as fold increased tolerance. Because comparison of
LC50 values may not well represent differential tolerance across
all concentrations of insecticide used for bioassays, differential
insecticide tolerance between larvae exposed to each xenobiotics
and controls was further analyzed as described in Poupardin et al.
(2008) by generating a Generalized Linear Model (GLM) frommor-
tality data followed by a likelihood ratio test using R software (R
Development Core Team, 2007).
2.4. Glutathione S-transferase activities
Glutathione S-transferase (GST) activities were measured
on cytosolic fractions using 1-chloro-2,4-dinitrobenzene (CDNB;
Sigma–Aldrich,Germany) as substrate (Habig et al., 1974).Onegram
of fresh larvae were homogenised in 0.05M phosphate buffer (pH
7.2) containing 0.5mM DTT, 2mM EDTA and 0.8mM PMSF. The
homogenate was centrifuged at 10,000× g for 20min at 4 ◦C and
the resulting supernatant was ultracentrifuged at 100,000× g for
1hat4 ◦C. Protein contentof the cytosolic fraction (100,000g super-
natant) was determined by the Bradford method before measuring
GST activities. The reaction mixture contained 200g protein,
2.5mL of 0.1M phosphate buffer 1.5mM reduced glutathione
(Sigma) and1.5mMCDNB. Theabsorbanceof the reactionwasmea-
sured after 1min at 340nmwith aUVIKON930 spectrophotometer.
Results were expressed as median nanomoles of conjugated CDNB
per mg of protein per minute± interquartile ranges (IQR). Three
biological replicates per treatment were made and each measure-
ment was repeated 6 times. Statistical comparison of GST activities
between controls and pre-exposed larvae was performed by using
a Mann and Whitney test (N=3).
2.5. Cytochrome P450 monooxygenase activities
P450 monooxygenase activities were comparatively evaluated
by measuring ethoxycoumarin-O-deethylase (ECOD) activities on
microsomal fractions based on the microfluorimetric method of
De Sousa et al. (1995). For each sample, the microsomal fraction
was obtained from 100,000g pellet (see above) and resuspended
in 0.05M phosphate buffer before measuring microsomal protein
content by the Bradford method. Twenty micrograms microso-
mal proteins were then added to 0.05M phosphate buffer (pH
7.2) containing 0.4mM7-ethoxycoumarin (7-Ec, Fluka) and 0.1mM
NADPH for a total reaction volume of 100l and incubated at
30 ◦C. After 15min, the reaction was stopped and the production
of 7-hydroxycoumarin (7-OH) was evaluated bymeasuring the flu-
orescence of each well (380nm excitation, 460nm emission) with
a Fluoroskan Ascent spectrofluorimeter (Labsystems, Helsinki, Fin-
land) in comparison with a scale of 7-OH (Sigma). P450 activities
were expressed asmedianpicomoles of 7-OHpermgofmicrosomal
protein per minute± IQR. Three biological replicates per treatment
weremadeandeachmeasurewas repeated8 times. Statistical com-
parison of P450 activities between controls and pre-exposed larvae
was performed by using a Mann and Whitney test (N=3).
2.6. Esterase activities
Esterases activities were comparatively measured on cytosolic
fractions from the 100,000g supernatant (see above) accord-
ing to the method described by Van Asperen (1962) with
-naphthylacetate and-naphthylacetateusedas substrates (-NA
and -NA, Sigma–Aldrich, Germany). Thirty micrograms cytosolic
proteins were added to 0.025mM phosphate buffer (pH 6.5) with
0.5mM of -NA or -NA for a total volume reaction of 180L and
incubated at 30 ◦C. After 15min, the reaction was stopped by the
addition of 20L 10mM Fast Garnett (Sigma) and 0.1M sodium
dodecyl sulfate (SDS, Sigma–Aldrich, Germany). The production of
- or -naphthol wasmeasured at 550nmwith a960microplate
reader (Metertech, Taipei, Taiwan) in comparison with a scale of
-naphthol or -naphthol and expressed as median moles of -
or -naphthol per mg of cytosolic protein per minute± IQR. Three
biological replicates per treatment were made and each measure
was repeated 8 times. Statistical comparison of esterases activities
between controls and pre-exposed larvae was performed by using
a Mann and Whitney test (N=3).
2.7. Microarray screening of detoxification genes induced after
xenobiotic exposure
The ‘Aedes detox chip’ DNA-microarray developed by Strode et al.
(2008)was used tomonitor changes in the transcription ofmultiple
detoxification genes in larvae exposed to each xenobiotic compared
to unexposed larvae. This microarray contains 318 70-mer probes
representing 290 detoxification genes including all cytochrome
P450 monooxygenases (P450s), glutathione S-transferases (GSTs),
carboxy/cholinesterases (CCEs) and additional enzymes potentially
involved in response to oxidative stress from the mosquito Ae.
aegypti. Each 70-mer probe, plus 6 housekeeping genes and 23 arti-
ficial control genes (Universal Lucidea Scorecard, G.E. Health Care,
Bucks, UK) were spotted four times on each array.
RNA extractions, cDNA synthesis and labelling reactions were
performed independently for each biological replicate. Total RNA
was extracted from batches of thirty 4th stage larvae using the
PicoPureTM RNA isolation kit (Molecular Devices, Sunnyvale, CA,
USA) according to manufacturer’s instructions. Genomic DNA was
removed by digesting total RNA samples with DNase I by using the
RNase-freeDNase Set (Qiagen). Total RNAquantity andqualitywere
assessedbyspectrophotometrybefore furtheruse.MessengerRNAs
were amplified using a RiboAmpTM RNA amplification kit (Molec-
ular Devices) according to manufacturer’s instructions. Amplified
RNAswere checked for quantity and quality by spectrophotometry.
For each hybridisation, 8g of amplified RNAs were reverse tran-
scribed into labelled cDNAandhybridised to the array as previously
described by David et al. (2005). Each comparison was repeated
three times with different biological samples. For each biological
replicate, 2 hybridisations were performed in which the Cy3 and
Cy5 labels were swapped between samples for a total of 6 hybridi-
sations per comparison. All hybridisations were performed against
a global reference sample obtained from a pool of amplified RNAs
from un-exposed larvae obtained from each biological replicate.
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Spot finding, signal quantification and spot superimposition for
both dye channels were performed using Genepix 5.1 software
(Axon Instruments, Molecular Devices, Union City, CA, USA). For
each data set, any spot satisfying one of the following conditions
for any channel was removed from the analysis: (i) intensity val-
ues less than 300 or more than 65,000, (ii) signal to noise ratio less
than 3, (iii) less than 60% of pixel intensity superior to the median
of the local background ±2. Normalization and statistic analysis
were performed on R software (R Development Core Team, 2008)
with limma package available onwww.bioconductor.org according
to Muller et al. (2007). First, background intensities were sub-
tracted to the foreground intensities for both Cy3 (G) and Cy5 (R)
intensities. Then, corrected intensities were transformed to inten-
sity log-ratios, M= log2 R/G, and their corresponding geometrical
means, A= (log2 R+ log2 G)/2. Data were then normalized using the
local intensity-dependent algorithm Lowess (Cleveland and Devlin,
1988). For each comparison, only genes detected in at least 2 of 6
hybridisations were used for further statistical analysis. To assess
thedata significance,M valueswere then submitted to a one sample
Student’s t-test against the baseline value of 1 (equal gene tran-
scription in both samples). Genes showing an transcription ratio
>1.5-fold in either direction and a corrected P-value lower than
0.01 (Benjamini and Hochberg’s multiple testing correction) were
considered significantly differentially expressed after xenobiotic
exposure. In Table 2,M values were transformed into transcription
ratios.
2.8. Quantitative real-time RT-PCR
Transcription profiles of 8 particular genes found induced bydif-
ferentxenobiotics in larvaewerevalidatedby real-timequantitative
RT-PCR using the same RNA samples as used for microarray exper-
iments. Four micrograms of total RNA were treated with DNase I
(Invitrogen) and used for cDNA synthesis with superscript III and
oligo-dT20 primer for 60min at 50
◦C according to manufacturer’s
instructions. Resulting cDNAs were diluted 100 times for real-time
quantitative PCR reactions. All primer pairs used for quantitative
PCR were tested for generating a unique amplification product
by melt curve analysis. Real-time quantitative PCR reactions of
25L were performed in triplicate on an iQ5 system (BioRad)
using iQ SYBR Green supermix (BioRad), 0.3M of each primer
and 5L of diluted cDNAs according to manufacturer’s instruc-
tions. For each gene analysed, a cDNA dilution scale from 10 to
100,000 times was performed in order to assess efficiency of PCR.
Data analysiswas performed according to theCTmethod taking
into account PCR efficiency (Pfaffl, 2001) and using the two genes
encoding the ribosomal protein L8 (AeRPL8 GenBank accession no.
DQ440262) and the ribosomal protein S7 (AeRPS7 GenBank acces-
sion no. EAT38624.1) for normalisation. Results were expressed as
mean transcription ratios (±SE) between larvae exposed to each
xenobiotic or insecticide and unexposed larvae (controls). Only
genes showing more than 1.5-fold over-transcription were consid-
ered induced.
3. Results
Exposing Ae. aegypti larvae to sub-lethal concentrations of the
herbicide glyphosate and the PAH benzo[a]pyrene for 72h affected
their subsequent tolerance to insecticides. Overall, exposing larvae
to these xenobiotics increased larval tolerance to insecticides with
a more pronounced effect observed with higher concentrations of
xenobiotics (Table 1). Larval tolerance to the neonicotinoid insecti-
cide imidacloprid increased after exposure to 1Mbenzo[a]pyrene
and glyphosate (3.51-fold and 1.98-fold increase in LC50, respec-
tively) and also, to a lesser extent, after exposure to 0.1M
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Fig. 1. Differential GST activities of Ae. aegypti larvae exposed for 72h to sub-
lethal concentrations of glyphosate, benzo[a]pyrene, imidacloprid, permethrin and
propoxur. Larval GST activities were measured with the CDNB method (Habig et al.,
1974) on 200g cytosolic proteins during 1min and expressed as median nmol of
conjugated CDNB/mg protein/min± interquartile ranges (IQR). For each treatment,
statistical comparison of larval GST activities between xenobiotic-exposed larvae
and controls were performed with a Mann and Whitney’s test (N=3, *P<0.05).
tively). Larval tolerance to the pyrethroid insecticide permethrin
increased after exposure to 1M benzo[a]pyrene or glyphosate
(1.78-fold and 1.72-fold, respectively). This increased tolerance to
permethrin remainsevenwhenusing0.1Mbenzo[a]pyrene (1.72-
fold) but decreased when using 0.1M glyphosate (1.39-fold).
Larval tolerance to the carbamate insecticide propoxur was only
slightly enhanced after exposure to the highest concentration of
benzo[a]pyrene and glyphosate (1.39-fold and 1.14-fold, respec-
tively).
Larval exposure to xenobiotics and insecticides led to signifi-
cant modifications of their GST, P450 and esterases activities, as
measured using model substrates. GST activity with CDNB (Fig. 1)
was strongly induced after exposure to propoxur (2.04-fold with
P<0.05). Exposureof larvae tobenzo[a]pyrenealso slightly induced
GST activity (1.37-fold and P<0.05) while exposure to glyphosate,
imidacloprid and permethrin did not significantly affect larval GST
activities. Microsomal P450 activities (Fig. 2) were significantly
induced after exposing larvae to benzo[a]pyrene (2.09-fold with
P<0.05)while no significant changeswere observed after exposure
to other xenobiotics. Significant modifications of esterase activities
were observed in larvae exposed to xenobiotics and insecticides
(Fig. 3). Alpha-esterase activities were highly induced in larvae
Fig. 2. Differential microsomal P450 activities of Ae. aegypti larvae exposed for 72h
to sub-lethal concentrations of glyphosate, benzo[a]pyrene, imidacloprid, perme-
thrin and propoxur. Larval P450 activities were measured with the ECOD method
(De Sousa et al., 1995) on 20g microsomal proteins after 15min and expressed
as median pmol of 7-OH/mg microsomal protein/minute± interquartile ranges
(IQR). For each treatment, statistical comparison of larval P450 activities between
xenobiotic-exposed larvae and controlswere performedwith aMann andWhitney’s
test (N=3, *P<0.05).
Fig. 3. Differential esterase activities of Ae. aegypti larvae exposed for 72h to
sub-lethal concentrations of five different xenobiotics (glyphosate, benzo[a]pyrene,
imidacloprid, permethrin and propoxur). Larval-esterase and-esterase activities
were measured with -naphthyl-acetate and -naphthyl-acetate as substrates on
30g cytosolic proteins during 15min and expressed as median mol of -or -
naphtol/mgprotein/min± interquartile ranges (IQR). Statistical comparison of larval
esterasesactivitiesbetweenxenobiotic-exposed larvaeandcontrolswereperformed
with a Mann and Whitney’s test (N=3, *P<0.05).
exposed to propoxur (2.20-fold with P<0.05), slightly significantly
elevated after exposure to glyphosate (1.10-foldwith P<0.05)while
no significant induction was observed with other xenobiotics. Sim-
ilarly, -esterase activities were highly induced in larvae after
exposure to propoxur (2.40-fold with P<0.05) but no significant
induction was observed with other xenobiotics.
By using the microarray ‘Aedes Detox Chip’ representing 290 Ae.
aegypti genes encoding detoxification and red/ox enzymes (Strode
et al., 2008), 23 detoxification genes significantly induced in 4th
stage larvae following a 72h exposure to a sub-lethal concentration
of xenobiotics or insecticides were identified (Table 2 and Suppl.
Table 1). Among them, 9 genes encode P450s (CYPs), 4 encode
GSTs, 3 encode carboxy/cholinelesterases (CCEs) and 7 encode
enzymes putatively involved in response to oxidative stress (red/ox
enzymes). Larvaeexposed to theherbicideglyphosate showedasig-
nificant induction of 5 CYPs (CYP6N11, CYP6N12, CYP6Z6, CYP6AG7
and CYP325AA1), 3GSTs (AaGSTe4, AaGSTe7, AaGSTi1 and AaGSTs1-2)
and 1 glutathione peroxidase. Exposing larvae to benzo[a]pyrene
significantly induced 3 CYP genes (CYP6Z6, CYP6Z8 and CYP9M5),
2 GSTs (AaGSTi1 and AaGSTs1-2) and 2 red/ox genes (1 superoxide
dismutase and 1 reductase). Exposure to imidacloprid significantly
induced 2 CYPs (CYP4G36 and CYP6CC1), 1 GST (AaGSTs1-2), 3 CCEs
(CCEae1o, CCEae2o and CCEae3o) and 6 red/ox genes including a
superoxide dismutase, 4 peroxidases and 1 reductase. Exposure to
a sub-lethal concentration of the pyrethroid insecticide permethrin
significantly induced only one CCE (CCEae3o). Propoxur expo-
sure revealed a significant over-transcription of 1 GST (AaGSTi1),
1 CCE (CCEae3o) and 1 superoxide dismutase. Finally, microar-
ray screening revealed that different chemicals can significantly
induce identical genes such as CYP6Z6 induced by glyphosate and
benzo[a]pyrene, AaGSTi1 induced by glyphosate, benzo[a]pyrene
and propoxur and CCEae3o induced by the insecticides imidaclo-
prid, permethrin and propoxur.
Real-time quantitative RT-PCR was used to validate the tran-
scription pattern of 8 genes selected from microarray experiments
(Fig. 4). Overall, the induction patterns obtained from microar-
ray screening and real-time quantitative RT-PCR were in good
agreement (Pearson correlation coefficient r=0.745, P<0.001). The
induction of CYP6Z6, CYP6Z8, CYP9M5 and superoxide dismutase
(AAEL006271-RA) by benzo[a]pyrene was confirmed (3.1-fold, 4.4-
fold, 3.4-fold and 2.6-fold, respectively). Likewise, the induction of
CCEae3o (3.0-fold) and TPx2 (2.0-fold) by imidacloprid was con-
firmed.High induction ratioswereobtained forCYP6Z8 andCYP9M5
(benzo[a]pyrene 4.4-fold and 3.4-fold, respectively). Finally, the
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Table 2
Microarray analysis of the induction of detoxification genes in Ae. aegypti larvae after 72h exposure to xenobiotics and insecticidesa .
Gene name/annotation Transcript ID Glyphosate Benzo[a]pyrene Imidacloprid Permethrin Propoxur
Ratio P value Ratio P value Ratio P value Ratio P value Ratio P value
Cytochrome P450 monooxygenases
CYP4G36 AAEL004054-RA ND ND ND ND 1.77 8.3E−08 1.00 9.8E−01 1.04 6.8E−01
CYP6N11 AAEL009138-RA 1.75 2.1E−14 1.30 1.2E−03 0.88 4.0E−01 0.95 4.4E−01 1.07 4.6E−01
CYP6N12 AAEL009124-RA 1.68 4.2E−13 1.42 3.4E−12 0.86 1.6E−04 0.68 4.0E−12 1.04 2.0E−01
CYP6Z6 AAEL009123-RA 1.52 4.6E−14 1.96 3.9E−19 0.95 5.9E−02 1.06 3.5E−02 1.26 4.3E−09
CYP6Z8 AAEL009131-RA 1.09 8.8E−03 2.08 4.1E−17 0.86 1.9E−04 0.90 9.7E−04 0.81 2.9E−03
CYP6AG7 AAEL006989-RA 1.58 6.1E−09 1.06 2.6E−01 1.10 9.2E−02 0.87 1.6E−01 0.83 1.2E−02
CYP6CC1 AAEL014890-RA 0.47 4.6E−14 0.70 1.5E−05 1.63 1.2E−10 1.10 1.9E−02 1.18 1.4E−01
CYP9M5 AAEL001288-RA 1.49 6.8E−12 3.08 3.0E−13 1.10 6.1E−02 0.94 2.5E−01 1.48 3.4E−05
CYP325AA1 AAEL004012-RA 2.03 2.9E−12 1.46 2.5E−03 1.00 1.0E+00 1.25 1.6E−04 1.85 1.8E−02
Glutathione S-transferases
AaGSTe4 AAEL007962-RA 1.61 2.0E−20 1.37 4.8E−11 1.42 2.1E−10 1.03 3.5E−01 1.10 1.9E−01
AaGSTe7 AAEL007948-RA 1.56 3.2E−15 1.18 7.2E−08 0.93 5.4E−02 0.85 8.5E−06 1.02 5.6E−01
AaGSTi1 AAEL011752-RA 2.74 1.0E−23 2.33 2.9E−13 0.76 4.0E−02 0.87 2.1E−01 3.10 4.8E−10
AaGSTs1-2 AAEL011741-RB ND ND 1.60 5.1E−04 3.98 6.3E−09 ND ND ND ND
Carboxylesterases
CCEae1o AAEL004341-RA ND ND 1.06 4.6E−01 2.59 2.2E−06 1.49 1.8E−01 1.49 1.2E−04
CCEae2o AAEL007486-RA 0.72 2.5E−11 0.96 2.2E−01 1.56 1.3E−09 1.16 3.2E−04 1.13 9.9E−03
CCEae3o AAEL011944-RA 0.27 4.8E−11 0.88 1.6E−03 4.34 1.4E−16 1.67 8.4E−10 1.75 2.6E−08
Red/ox enzymes
Superoxide dismutase AAEL006271-RA 1.19 1.5E−06 1.89 9.8E−18 2.51 7.8E−10 1.39 2.4E−07 1.50 2.3E−09
Peroxidasin AAEL000376-RA ND ND 1.21 6.5E−01 1.77 6.3E−04 ND ND ND ND
Peroxidase AAEL013171-RA 0.77 8.0E−07 0.94 5.3E−02 1.67 5.8E−14 1.29 1.8E−07 1.29 7.5E−07
Glutathione peroxidase AAEL000495-RA 1.76 4.2E−06 1.45 9.4E−04 2.05 1.2E−05 0.76 2.5E−01 1.22 3.3E−02
Thioredoxin peroxidase TpX2 AAEL004112-RA ND ND 1.27 2.3E−01 2.19 4.3E−04 ND ND 1.22 4.2E−01
Aldo-keto reductase AAEL007275-RA ND ND 0.76 3.2E−02 1.88 1.3E−05 0.93 8.1E−01 1.09 3.9E−02
Aldo-keto reductase AAEL015002-RA 1.03 8.4E−01 1.94 4.3E−04 1.35 3.6E−01 1.50 3.8E−03 1.59 2.4E−03
a Larvae were exposed for 72h to sub-lethal concentrations of five different insecticides and xenobiotics (permethrin, imidacloprid, propoxur, benzo[a]pyrene and
glyphosate) before microarray analysis of the transcription of detoxification genes. Only genes showing a significant over-transcription (ratio >1.5 and P value <1.0E−03)
after a minimum of one treatment are shown. Transcription ratios between treated larvae and controls are indicated for each treatment. Transcription ratios and P values of
genes significantly induced are shown in bold. ND: Gene not detected in at least 3 hybridisations out of 6.
slight induction of CYP6Z6, AaGSTe4 and AaGSTe7 by glyphosate,
CCEae3o by permethrin and propoxur and superoxide dismutase
(AAEL006271-RA) by imidacloprid and propoxur were confirmed
by real-time quantitative RT-PCR. The most important discrepan-
cies between the two techniques were obtained for CYP6Z8 with
benzo[a]pyrene (4.4-fold in qRT-PCR and only 2.0-fold in microar-
ray) and CCEae3O with imidacloprid (3.0-fold in qRT-PCR and
4.34-fold in microarray).
Comparison of the transcription levels of those 8 detoxification
genes in 4th stage larvae revealed differences in their basal tran-
scription level (Fig. 5). As expected, transcription of detoxification
genes was considerably lower than the transcription of the house-
Fig. 4. Comparative real-time quantitative RT-PCR analysis of the differential
transcription of 8 selected genes in Ae. aegypti larvae exposed for 72h to sub-
lethal concentrations of glyphosate, benzo[a]pyrene, imidacloprid, permethrin and
propoxur. Gene transcription values are indicated as transcription ratios (±SE) in
larvae exposed to each xenobiotic comparatively to unexposed larvae (controls).
The housekeeping genes AeRPL8 and AeRPS7were used as internal controls for nor-
malization. Horizontal broken line indicates a 1.5-fold over-transcription in treated
larvae as compared to controls.
Fig. 5. Constitutive transcription levels of 8 selected genes inAe. aegypti larvae. Gene
transcription was measured by real-time quantitative RT-PCR in 4th-stage larvae in
absence of xenobiotics. transcription levelswere normalizedwith the housekeeping
gene AeRPL8 and are shown as transcription ratios relative to CYP6Z8, the detoxifi-
cation gene showing the highest transcription level (mean± SE). Fold transcription
is indicated above each bar.
keeping gene AeRPL8 (from 33 to >3200-fold reduction). Among
detoxification genes, larval basal transcription levels vary greatly,
with CYP6Z8 and GSTe7 showing the highest transcription levels,
GSTe4, TPx2, CCEae3O, CYP6Z6 and SOD being moderately tran-
scribed (2–11-fold reduction comparatively toCYP6Z8) andCYP9M5
being transcribed at very low level in 4th-stage larvae (95-fold
reduction comparatively to CYP6Z8).
4. Discussion
Lasting recent decades, the amount of anthropogenic xenobi-
otics released into natural ecosystems has dramatically increased.
Although the effect of these chemicals on human health is inten-
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sively studied, their impact on insect metabolism and insecticide
resistancemechanisms remains poorly understood. Herewe inves-
tigated the potential of the herbicide glyphosate and the PAH
benzo[a]pyrene, likely to be found in polluted mosquito breed-
ing sites, to modify the tolerance of mosquito larvae to 3 chemical
insecticides through the induction of detoxification enzymes.
We showed that the presence of these xenobiotics in the water
where mosquito larvae develop can significantly increase their
tolerance to insecticides, particularly the pyrethroid permethrin
and the neonicotinoid imidacloprid. Although the increases in
insecticide tolerance reported here are lower than inherited
resistance levels obtained after many generations of selection
with insecticides, our results show that the presence of these
xenobiotics may contribute to insecticide tolerance in mosquito
larvae. This phenomenon might be more pronounced in highly
polluted mosquito breeding sites or following a temporary dra-
matic pollution event. Recently, we also showed that exposing
Ae. aegypti larvae for 24h to low concentrations of the herbicide
atrazine and the PAH fluoranthene increase their tolerance to the
insecticide permethrin and temephos (Poupardin et al., 2008).
Suwanchaichinda and Brattsten (2001) exposed Ae. albopictus
larvae for 48h to various herbicides and fungicides before mea-
suring their tolerance to the insecticide carbaryl. Interestingly,
no significant effect was observed with atrazine, simazine and
2,4-dichlorphenoxyacetic acid (2,4-D) while a 70% reduced mor-
tality to carbaryl and a significant increase of P450 activities were
observed after exposing larvae to pentachlorophenol.
Many studies have revealed the capacity of insect detoxifica-
tion enzymes to be induced by xenobiotics and the relationship
between elevated detoxifying enzyme levels and tolerance to
chemical insecticides (Yu, 1996; Hemingway et al., 2004; Enayati
et al., 2005; Feyereisen, 2005). Our work demonstrates that larval
GST activities were strongly induced by the insecticide propoxur
and to a lesser extent by benzo[a]pyrene. Esterase activities were
strongly induced by propoxur but very low effect was observed
after exposure to glyphosate, suggesting a limited impact of this
pollutant on esterase-related insecticide metabolism. P450 activ-
ities appeared strongly induced by benzo[a]pyrene. Overall, our
work also suggests that insecticides may not always be the most
potent inducers of detoxifying enzymes able to metabolize them.
This hypothesis is supported by results obtained in Drosophila by
Willoughby et al. (2006) showing that short exposures to high
lethal concentrations of insecticides only induce few detoxification
genes comparatively to other inducers. Benzo[a]pyrene exposure
led to the highest increase of larvae tolerance to permethrin and
imidacloprid and was also the best inducers of P450 activities.
This trend supports the central role of P450s in the tolerance of
mosquito larvae to these two insecticides. Poupardin et al. (2008)
revealed that fluoranthene, another PAH, strongly induced P450s in
mosquito larvae together with enhancing their tolerance to perme-
thrin. The capacity of PAHs to induce P450 activities is well known
in vertebrates. Many PAHs induce P450s by binding to the AhR
(aryl hydrocarbon receptor) in the cytosol. Upon binding, the trans-
formed receptor translocates to the nucleus where it dimerises
with the aryl hydrocarbon receptor nuclear translocator and then
binds to DNA sequences such as xenobiotic response elements
(XREs) located upstream of certain genes. This process increases
transcription of certain genes, followed by increased protein pro-
duction. Recently, XRE-like sequences have been found upstream
insect CYP genes involved in xenobiotic metabolism (McDonnell
et al., 2004; Brown et al., 2005). Putative XRE-like elements have
also been found upstream An. gambiae CYP genes induced by the
insecticide permethrin (David J.P., unpublished data). Recently,
we showed that XRE-like elements are also found upstream Ae.
aegypti CYP genes induced by fluoranthene (Poupardin et al.,
2008). The fact that exposure to different PAHs induce mosquito
larvae P450 activities together with increasing their tolerance to
permethrin and imidacloprid might indicate that PAHs have the
ability, through an AhR-like nuclear receptor, to induce P450s
involved in the degradation of these insecticides in mosquitoes.
We used the microarray Aedes Detox Chip (Strode et al.,
2008) to identify 23 genes encoding detoxification and
red/ox enzymes induced in 4th stage larvae after exposure
to benzo[a]pyrene, glyphosate, imidacloprid, permethrin and
propoxur. Benzo[a]pyrene induced a significant over-transcription
of CYP6Z8, CYP6Z6 and CYP9M5 (Fig. 4). Poupardin et al. (2008) also
found CYP6Z8 induced by fluoranthene, copper sulfate and the two
insecticides permethrin and temephos. In the malaria vector An.
gambiae, CYP6Z genes have been frequently found constitutively
over-transcribed in insecticide-resistant strains (Nikou et al., 2003;
David et al., 2005;Muller et al., 2007). Recent studies demonstrated
that the enzymeencodedbyAn. gambiae CYP6Z1 canmetabolize the
insecticides carbaryl and DDTwhile CYP6Z2, with a narrower active
site, only metabolizes carbaryl (Chiu et al., 2008; McLaughlin et al.,
2008). The high transcription level of CYP6Z8 in larvae (Fig. 5) may
indicate that this particular P450 play a major role in xenobiotic
response during the aquatic larval stage. Although transcription
ratios were lower, glyphosate also induced several CYP6s and
epsilon GSTs, indicating that this chemical may have an impact on
insecticide tolerance through P450 or GST induction.
Epsilon GSTs have been widely implicated in resistance to DDT
and pyrethroid insecticides (Ding et al., 2003; Ortelli et al., 2003;
Lumjuanetal., 2005;Strodeet al., 2008). Therefore, the slight induc-
tion of GST activities by glyphosate including the specific induction
of two epsilon-class GST genes (GSTe4 and GSTe7) might contribute
to the improved insecticide tolerance of mosquito larvae exposed
to this herbicide.
Two P450s, 1 GST, 3 carboxy/cholinesterases and several genes
encoding for enzymes potentially involved in response to oxida-
tive stress were found induced in larvae exposed to imidacloprid.
Although esterases have been reported to be potentially involved
in cross-resistance between the pyrethroid fenvalerate and imi-
dacloprid in the cotton aphid Aphis gossypii (Wang et al., 2002),
the direct involvement of esterases in resistance to neonicotinoids
remains unclear. In human pulmonary and neuronal cultivated
cells, imidacloprid was showed to induce cell toxicity leading to
apoptosis (Skandrani et al., 2006). It is known that P450 func-
tioning can generates excess reactive oxygen species, leading to
oxidative stress (Zangar et al., 2004) and that P450s are likely to
be involved in metabolic resistance to imidacloprid in insects (Le
Goff et al., 2003). Therefore, the induction of several genes encod-
ing red/ox enzymes observed after exposing larvae to imidacloprid
might result from the generation of excess reactive oxygen species
from P450-mediated imidacloprid metabolism.
Overall, our study demonstrated that the herbicide glyphosate
and the PAHbenzo[a]pyrene likely to be found inpollutedmosquito
breeding sites were able to increase tolerance of mosquito lar-
vae to different classes of insecticides and suggested that this
is the consequence of an induction of particular detoxification
enzymes. Considering that only genes belonging to main detox-
ification and red/ox enzyme families are represented on the
‘Aedes detox Chip’, a whole transcriptome analysis will allow iden-
tifying additional genes and molecular mechanisms potentially
involved in mosquitoes’ response to pollutants and insecticides.
Our study was focused on the short-term effect of xenobiotics on
the phenotypic plasticity associatedwith the tolerance ofmosquito
larvae to insecticides. Finally, considering the persistent contami-
nation of wetlands by anthropogenic chemicals and the potential
effect of phenotypic plasticity on the selection of particular genes
(Ghalambor et al., 2007), the question of the long-term impact of
environmental xenobiotics on inherited insecticide resistance also
represents an important future research direction.
68 M.A. Riaz et al. / Aquatic Toxicology 93 (2009) 61–69
Acknowledgments
The present research project was co-funded by the French
National Research Agency (ANR ‘Santé-Environnement Santé-
travail’ (SEST), grant MOSQUITO-ENV 07SEST014), and the
mosquito control unit ‘DémousticationRhône-Alpes’.M.A. Riazwas
funded by the higher education commission (HEC) of Pakistan. We
are grateful to J. PatourauxandT.Gaude for technical help.We thank
Prof. A. Cossins, Dr. M. Hughes and the Liverpool Microarray User
Community formicroarray printing.We thank Dr. P. Muller for use-
ful helpwithmicroarray analysis andDr. B.Maccallum for helpwith
microarray data deposition. We are grateful to Prof. P. Ravanel for
useful comments on the manuscript.
Appendix A. Supplementary data
Supplementary data associatedwith this article can be found, in
the online version, at doi:10.1016/j.aquatox.2009.03.005.
References
Bostrom, C.E., Gerde, P., Hanberg, A., Jernstrom, B., Johansson, C., Kyrklund, T., Ran-
nug, A., Tornqvist, M., Victorin, K.,Westerholm, R., 2002. Cancer risk assessment,
indicators, and guidelines for polycyclic aromatic hydrocarbons in the ambient
air. Environ. Health Perspect. 110, 451–488.
Brown, R.P., McDonnell, C.M., Berenbaum, M.R., Schuler, M.A., 2005. Regulation of
an insect cytochrome P450 monooxygenase gene (CYP6B1) by aryl hydrocarbon
and xanthotoxin response cascades. Gene 358, 39–52.
Chiu, T.L., Wen, Z.M., Rupasinghe, S.G., Schuler, M.A., 2008. Comparative molecular
modelingofAnopheles gambiaeCYP6Z1, amosquitoP450capableofmetabolizing
DDT. Proc. Natl. Acad. Sci. U.S.A. 105, 8855–8860.
Cleveland, W.S., Devlin, S.J., 1988. Locally weighted regression—an approach to
regression-analysis by local fitting. J. Am. Stat. Assoc. 83, 596–610.
David, J.P., Strode, C., Vontas, J., Nikou, D., Vaughan, A., Pignatelli, P.M., Louis, C.,
Hemingway, J., Ranson, H., 2005. The Anopheles gambiae detoxification chip: a
highly specific microarray to study metabolic-based insecticide resistance in
malaria vectors. Proc. Natl. Acad. Sci. U.S.A. 102, 4080–4084.
De Sousa, G., Cuany, A., Brun, A., Amichot, M., Rhamani, R., Bergé, J.B.,
1995. A microfluorimetric method for measuring ethoxycoumarin-O-
deethylase activity on individuals Drosophila melanogaster abdomens:
interest for screening resistance in insect populations. Anal. Biochem. 229,
86–91.
Ding, Y.C., Ortelli, F., Rossiter, L.C., Hemingway, J., Ranson, H., 2003. The Anopheles
gambiae glutathione transferase supergene family: annotation, phylogeny and
expression profiles. BMC Genomics 4, 16.
Dutta, P., Khan, S.A., Khan, A.M., Sharma, C.K., Doloi, P.K., Mahanta, J., 1999. Solid
waste pollution and breeding potential of dengue vectors in an urban and indus-
trial environment of Assam. J. Environ. Biol. 20, 343–345.
Enayati, A.A., Ranson, H., Hemingway, J., 2005. Insect glutathione transferases and
insecticide resistance. Insect Mol. Biol. 14, 3–8.
Feyereisen, R., 2005. Insect cytochrome P450. In: Gilbert, L.I., Iatrou, K., Gill, S. (Eds.),
Comprehensive Molecular Insect Science. Elsevier, pp. 1–77.
Ghalambor, C.K., McKay, J.K., Carroll, S.P., Reznick, D.N., 2007. Adaptive versus non-
adaptive phenotypic plasticity and the potential for contemporary adaptation in
new environments. Funct. Ecol. 21, 394–407.
Goksoyr, A., Husoy, A.M., 1998. Immunochemical approaches to studies of CYP1A
localization and induction by xenobiotics in fish. EXS 86, 165–202.
Habig, H., Pabst, M.J., Jacoby, W.B., 1974. Gluthatione S-transferases: the first step in
mercapturic acid formation. J. Biol. Chem. 249, 7130–7139.
Haughton, A.J., Bell, J.R., Wilcox, A., Boatman, N.D., 2001. The effect of the herbicide
glyphosate on non-target spiders: part I. Direct effects on Lepthyphantes tenuis
under laboratory conditions. Pest Manage. Sci. 57, 1033–1036.
Hassanien, M.A., Abdel-Latif, N.M., 2008. Polycyclic aromatic hydrocarbons in road
dust over Greater Cairo, Egypt. J. Hazard. Mater. 151, 247–254.
Hemingway, J., Field, L., Vontas, J., 2002. An overview of insecticide resistance. Sci-
ence 298, 96–97.
Hemingway, J., Hawkes, N.J., McCarroll, L., Ranson, H., 2004. The molecular
basis of insecticide resistance in mosquitoes. Insect Biochem. Mol. Biol. 34,
653–665.
Jackson,R.E., Pitre,H.N., 2004. Influenceof roundupreadysoybeanandroundupultra
herbicide on Geocoris punctipes (Say) (Heteroptera: Lygaeidae) in the laboratory.
J. Entomol. Sci. 39, 56–61.
Lambert, T.W., Lane, S., 2004. Lead, arsenic, and polycyclic aromatic hydrocarbons
in soil and house dust in the communities surrounding the Sydney, Nova Scotia,
tar ponds. Environ. Health Perspect. 112, 35–41.
Le Goff, G., Boundy, S., Daborn, P.J., Yen, J.L., Sofer, L., Lind, R., Sabourault, C., Madi-
Ravazzi, L., ffrench-Constant, R.H., 2003.Microarray analysis of cytochromeP450
mediated insecticide resistance in Drosophila. Insect Biochem. Mol. Biol. 33,
701–708.
Le Goff, G., Hilliou, F., Siegfried, B.D., Boundy, S., Wajnberg, E., Sofer, L., Audant, P.,
Ffrench-Constant, R.H., Feyereisen, R., 2006. Xenobiotic response in Drosophila
melanogaster: Sex dependence of P450 and GST gene induction. Insect Biochem.
Mol. Biol. 36, 674–682.
Lewis, R.G., Fortune, C.R., Willis, R.D., Camann, D.E., Antley, J.T., 1999. Distribution of
pesticides and polycyclic aromatic hydrocarbons in house dust as a function of
particle size. Environ. Health Perspect. 107, 721–726.
Lumjuan, N., McCarroll, L., Prapanthadara, L.A., Hemingway, J., Ranson, H., 2005.
Elevated activity of an Epsilon class glutathione transferase confers DDT resis-
tance in the dengue vector, Aedes aegypti. Insect Biochem. Mol. Biol. 35,
861–871.
Luo, G., Guenthner, T., Gan, L.S., Humphreys, W.G., 2004. CYP3A4 induction by xeno-
biotics: biochemistry, experimental methods and impact on drug discovery and
development. Curr. Drug Metab. 5, 483–505.
McDonnell, C.M., Brown, R.P., Berenbaum, M.R., Schuler, M.A., 2004. Conserved reg-
ulatory elements in the promoters of two allelochemical-inducible cytochrome
P450 genes differentially regulate transcription. Insect Biochem. Mol. Biol. 34,
1129–1139.
McLaughlin, L.A., Niazi, U., Bibby, J., David, J.P., Vontas, J., Hemingway, J., Ranson, H.,
Sutcliffe, M.J., Paine, M.J.I., 2008. Characterization of inhibitors and substrates of
Anopheles gambiae CYP6Z2. Insect Mol. Biol. 17, 125–135.
Muller, P., Donnelly, M.J., Ranson, H., 2007. Transcription profiling of a recently
colonised pyrethroid resistant Anopheles gambiae strain from Ghana. BMC
Genomics 8, 36.
Nikou, D., Ranson, H., Hemingway, J., 2003. An adult-specific CYP6 P450 gene is
overexpressed in a pyrethroid-resistant strain of the malaria vector, Anopheles
gambiae. Gene 318, 91–102.
Ortelli, F., Rossiter, L.C., Vontas, J., Ranson, H., Hemingway, J., 2003. Heterolo-
gous expression of four glutathione transferase genes genetically linked to a
major insecticide-resistance locus from the malaria vector Anopheles gambiae.
Biochem. J. 373, 957–963.
Pengchai, P., Nakajima, F., Furumai, H., 2003. Estimation of origins of poly-
cyclic aromatic hydrocarbons in size-fractionated road dust in Tokyo with
multivariate analysis. In: 7th IWA International Specialised Conference on
Diffuse Pollution and Basin Management. I W a Publishing, Dublin, Ireland,
pp. 169–175.
Petersen, R.A., Zangerl, A.R., Berenbaum, M.R., Schuler, M.A., 2001. Expression of
CYP6B1 and CYP6B3 cytochrome P450 monooxygenases and furanocoumarin
metabolism in different tissues of Papilio polyxenes (Lepidoptera: Papilionidae).
Insect Biochem. Mol. Biol. 31, 679–690.
Pfaffl,M.W., 2001. A newmathematicalmodel for relative quantification in real-time
RT-PCR. Nucleic Acids Res. 29, 6.
Poupardin, R., Reynaud, S., Strode, C., Ranson, H., Vontas, J., David, J.P., 2008. Cross-
induction of detoxification genes by environmental xenobiotics and insecticides
in the mosquito Aedes aegypti: impact on larval tolerance to chemical insecti-
cides. Insect Biochem. Mol. Biol. 38, 540–551.
R Development Core Team, 2007. R: A Language and Environment for Statistical
Computing. http://www.R-project.org.
Raymond, M., 1993. PROBIT software. CNRS UMII, Licence L93019, Avenix, France.
Roy, B.A., 2004. Rounding up the costs and benefits of herbicide use. Proc. Natl. Acad.
Sci. U.S.A. 101, 13974–13975.
Skandrani, D., Gaubin, Y., Beau, B., Murat, J.C., Vincent, C., Croute, F., 2006. Effect of
selected insecticides on growth rate and stress protein expression in cultured
human A549 and SH-SY5Y cells. Toxicol. In vitro 20, 1378–1386.
Strode, C.,Wondji, C.S., David, J.P., Hawkes, N.J., Lumjuan, N., Nelson, D.R., Drane, D.R.,
Karunaratne, S., Hemingway, J., Black, W.C., Ranson, H., 2008. Genomic analysis
of detoxification genes in the mosquito Aedes aegypti. Insect Biochem. Mol. Biol.
38, 113–123.
Suwanchaichinda, C., Brattsten, L.B., 2001. Effects of exposure to pesticides on car-
baryl toxicity and cytochrome P450 activities in Aedes albopictus larvae (Diptera:
Culicidae). Pestic. Biochem. Physiol. 70, 63–73.
Suwanchaichinda, C., Brattsten, L.B., 2002. Induction of microsomal
cytochrome P450s by tire-leachate compounds, habitat components of
Aedes albopictus mosquito larvae. Arch. Insect Biochem. Physiol. 49, 71–
79.
Van Asperen, K., 1962. A study of housefly esterases by means of sensitive colori-
metric methode. J. Insect Physiol. 8, 401–408.
Vontas, J., Blass, C., Koutsos, A.C., David, J.P., Kafatos, F.C., Louis, C., Hemingway,
J., Christophides, G.K., Ranson, H., 2005. Gene expression in insecticide resis-
tant and susceptible Anopheles gambiae strains constitutively or after insecticide
exposure. Insect Mol. Biol. 14, 509–521.
Wan, M.T., Kuo, J.N., McPherson, B., Pasternak, J., 2006. Agricultural pesti-
cide residues in farm ditches of the Lower Fraser Valley, British Columbia,
Canada. J. Environ. Sci. Health, Part B: Pestic. Food Contam. Agric. Wastes 41,
647–669.
Wang, K.Y., Liu, T.X., Yu, C.H., Jiang, X.Y., Yi, M.Q., 2002. Resistance of Aphis
gossypii (Homoptera: Aphididae) to fenvalerate and imidacloprid and activi-
ties of detoxification enzymes on cotton and cucumber. J. Econ. Entomol. 95,
407–413.
Waxman, D.J., 1999. P450 gene induction by structurally diverse xenochemicals:
Central role of nuclear receptors CAR, PXR, and PPAR. Arch. Biochem. Biophys.
369, 11–23.
Wen, Z.M., Pan, L.P., Berenbaum, M.R., Schuler, M.A., 2003. Metabolism of lin-
ear and angular furanocoumarins by Papilio polyxenes CYP6B1 co-expressed
with NADPH cytochrome P450 reductase. Insect Biochem. Mol. Biol. 33,
937–947.
M.A. Riaz et al. / Aquatic Toxicology 93 (2009) 61–69 69
Willoughby, L., Batterham, P., Daborn, P.J., 2007. Piperonyl butoxide induces
the expression of cytochrome P450 and glutathione S-transferase genes in
Drosophila melanogaster. Pest Manage. Sci. 63, 803–808.
Willoughby, L., Chung, H., Lumb, C., Robin, C., Batterham, P., Daborn, P.J., 2006. A
comparison of Drosophila melanogaster detoxification gene induction responses
for six insecticides, caffeine and phenobarbital. Insect Biochem. Mol. Biol. 36,
934–942.
Young, B.G., 2006. Changes inherbicideusepatterns andproductionpractices result-
ing from glyphosate-resistant crops. Weed Technol. 20, 301–307.
Yu, S.J., 1996. Insect glutathione S-transferases. Zool. Stud. 35, 9–19.
Zangar, R.C., Fan, Y.Y., Chapkin, R.S., 2004. Interactions of phospholipase D and











David et al. BMC Genomics 2010, 11:216
http://www.biomedcentral.com/1471-2164/11/216
Open AccessR E S E A R C H  A R T I C L E
BioMed Central
© 2010 David et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
Research articleTranscriptome response to pollutants and 
insecticides in the dengue vector Aedes aegypti 
using next-generation sequencing technology
Jean-Philippe David*, Eric Coissac, Christelle Melodelima, Rodolphe Poupardin, Muhammad Asam Riaz, 
Alexia Chandor-Proust and Stéphane Reynaud
Abstract
Background: The control of mosquitoes transmitting infectious diseases relies mainly on the use of chemical 
insecticides. However, mosquito control programs are now threatened by the emergence of insecticide resistance. 
Hitherto, most research efforts have been focused on elucidating the molecular basis of inherited resistance. Less 
attention has been paid to the short-term response of mosquitoes to insecticides and pollutants which could have a 
significant impact on insecticide efficacy. Here, a combination of LongSAGE and Solexa sequencing was used to 
perform a deep transcriptome analysis of larvae of the dengue vector Aedes aegypti exposed for 48 h to sub-lethal 
doses of three chemical insecticides and three anthropogenic pollutants.
Results: Thirty millions 20 bp cDNA tags were sequenced, mapped to the mosquito genome and clustered, 
representing 6850 known genes and 4868 additional clusters not located within predicted genes. Mosquitoes exposed 
to insecticides or anthropogenic pollutants showed considerable modifications of their transcriptome. Genes 
encoding cuticular proteins, transporters, and enzymes involved in the mitochondrial respiratory chain and 
detoxification processes were particularly affected. Genes and molecular mechanisms potentially involved in 
xenobiotic response and insecticide tolerance were identified.
Conclusions: The method used in the present study appears as a powerful approach for investigating fine 
transcriptome variations in genome-sequenced organisms and can provide useful informations for the detection of 
novel transcripts. At the biological level, despite low concentrations and no apparent phenotypic effects, the 
significant impact of these xenobiotics on mosquito transcriptomes raise important questions about the 'hidden 
impact' of anthropogenic pollutants on ecosystems and consequences on vector control.
Background
During the past 60 years, the amount of anthropogenic
xenobiotics released into natural ecosystems has dramati-
cally increased. Although the effect of these chemicals on
human health is intensively studied, their impact on other
organisms remains poorly understood. Because pollut-
ants often accumulate in fresh-water bodies and sedi-
ments [1], their impact on wetland fauna is of importance
for these ecosystems. Among aquatic arthropods found
in wetlands, mosquitoes are distributed worldwide and
are often exposed to anthropogenic pollutants and insec-
ticides during their aquatic larval stage. Indeed insecti-
cides are often deliberately introduced into the mosquito
habitat in the fight against the many human diseases they
transmit (e.g. malaria, dengue fever, yellow fever and
filariasis) [2]. As a consequence mosquito control pro-
grams are now threatened by the selection of mosquito
populations resistant to these chemical insecticides [3].
Differential gene transcription in insecticide-resistant
mosquitoes has been frequently used to identify genes
putatively involved in inherited metabolic resistance
mechanisms [4-7]. For that purpose most approaches
used cDNA microarrays and were often focused on genes
encoding enzymes potentially involved in the bio-trans-
formation of insecticides molecules [8,9], although recent
findings suggest that the differential expression of other
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transcripts may also contribute to insecticide tolerance
[4,10]. Less attention has been paid to the short term
transcriptome response of insects to xenobiotics, though
this may lead to the discovery of novel molecular mecha-
nisms contributing to insecticide tolerance [11-13]. We
recently demonstrated that exposing mosquito larvae to
low concentrations of pollutants for a few hours can
increase their tolerance to chemical insecticides, possibly
due to an alteration of the expression of detoxification
enzymes [11,12]. In this context, understanding cross
responses of mosquitoes to insecticides and pollutants at
the whole transcriptome level may ultimately lead to
improvements in vector control strategies by optimizing
insecticide treatments in polluted areas [7]. Moreover,
deciphering transcriptome response of mosquitoes to
anthropogenic xenobiotics may identify genes involved in
chemical stress response that were not detected by stan-
dard toxicological studies.
Today, quantitative transcriptomic methods are diversi-
fied and divided into two kind of technology: 'closed' and
'open' techniques depending on genome annotation con-
straints [14,15]. In 'closed' technologies, gene expression
microarrays are the standard method used for transcrip-
tome analysis. However, this type of technology does not
allow the characterization and analysis of new transcripts
and suffers from various technical biases such as non-
specific hybridization and insufficient signal for low
expressed genes. In contrast, 'open' transcriptome analy-
ses based on the sequencing of either ESTs or short
cDNA tags, like Serial Analysis of Gene Expression
(SAGE) [16], LongSAGE [17] and Massive Parallel Signa-
ture Sequencing (MPSS) [18] can measure the transcript
level of both known and unknown genes [19]. The short
cDNA tags obtained by LongSAGE or MPSS can directly
be mapped to the genome sequence, allowing the identifi-
cation of new transcripts [15]. Because these sequencing
techniques do not target a defined portion of cDNAs,
these approaches are not optimized for the deep analysis
of transcriptome variations [20]. Recently, a combination
of LongSAGE and Solexa sequencing technology, leading
to the production and sequencing of millions of tags on a
defined region of cDNAs, has been used to characterize
mouse hypothalamus transcriptome [15]. To our knowl-
edge, this new method, called Digital Gene Expression
Tag Profiling (DGETP) has never been used to compare
whole transcriptome variations of a non-mammalian
organism in different environmental conditions.
Here, we used the DGETP approach to perform a deep
transcriptome analysis of larvae of the mosquito Aedes
aegypti exposed to different anthropogenic xenobiotics.
We examined the effect of sublethal doses of three pollut-
ants likely to be found in wetlands (the herbicide atrazine,
the polycyclic aromatic hydrocarbon fluoranthene and
the heavy metal copper) and three chemical insecticides
used for mosquito control (the pyrethroid permethrin,
the neonicotinoid imidacloprid and the carbamate
propoxur). This approach was suitable for investigating
deep transcriptome variations in mosquitoes and identi-
fied several loci with high transcription signal not previ-
ously identified in mosquito genome. At the biological
level, the transcript levels of many genes were affected by
xenobiotic exposure. Several genes and protein families
responding to individual or multiple xenobiotics were
identified, unraveling the complexity of xenobiotic-
response in mosquitoes and identifying genes potentially
involved in insecticide tolerance or biological interactions
between insecticides and pollutants.
Results
Sequencing, mapping and clustering of cDNA tags
By sequencing 7 cDNA tag libraries from mosquito larvae
exposed to different xenobiotics, a total of 29.45 million
reads (100% of total reads) corresponding to 726,269 dis-
tinct 20-mer tags were obtained (Table 1). By removing
any tag represented by less than 20 reads across all librar-
ies, background filtering slightly reduced the total num-
ber of reads to 28.12 million (95.5%) but greatly reduced
the number of distinct tags to 33,037. Among them,
15,253 distinct tags were successfully mapped onto the
Ae. aegypti genome at a unique genomic location without
mismatch, representing 15.2 million reads (51.6%).
Among successfully mapped tags, 9,812 distinct tags
(12.59 million reads, 42.7%) were mapped to 6,850 pre-
dicted genes while the remaining reads (8.9%) were
mapped outside gene boundaries (see methods).
Clustering analysis of 20-mer cDNA tags successfully
mapped to mosquito genome allowed us to identify a
total of 13,118 distinct clusters including 8,250 clusters
associated to predicted genes. Distribution of the total
number of reads across genes, clusters and tags (Addi-
tional file 1: Suppl. Figure 1) spanned more than 4 orders
of magnitude with most genes/clusters being represented
by 25 to 5000 reads. Median total number of reads per
gene, cluster, tag and cluster not mapped within pre-
dicted gene were 217, 124, 101 and 79 respectively.
Quantitative transcription data obtained from cDNA tags
Analysis of transcription levels in mosquito larvae
exposed to each xenobiotic was performed at the gene
level for tags mapped within predicted genes (i.e. gather-
ing all tags mapped within each gene) and at the cluster
level for tags not mapped within predicted genes (i.e.
gathering all tags mapped within each cluster). This anal-
ysis identified 453 genes and 225 additional clusters with
a mean transcript ratio (TR) significantly > 2-fold in
either direction in at least 1 condition (Fisher's test Pvalue
< 10-3 after multiple testing correction). Overall distribu-
tion of TRs and their associated Pvalues revealed a well-bal-
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anced distribution between over- and under transcription
with TRs ranging from 600-fold under transcription to
more than 2000-fold over transcription compared with
controls (Figure 1 and Additional file 2: Suppl. Table 1).
Cross-validation of TRs with real-time quantitative RT-
PCR on 14 genes (Additional file 3: Suppl. Figure 2)
revealed a good correlation of TRs obtained from the two
techniques (r = 0.71 and P = 4.16 E-05), although the
DGETP method often produced higher TRs (in either
direction) than real-time quantitative RT-PCR.
Overall transcriptome variations across treatments
Global analysis of transcriptome variations between mos-
quito larvae exposed to each xenobiotic revealed that the
proportion of genes/clusters differently transcribed var-
ied greatly between treatments (Table 2). This proportion
ranged from 0.26% to 3.94% of all detected genes/clusters
for permethrin and propoxur respectively. No correlation
was found between the number of genes/clusters differ-
entially transcribed in each treatment and the number of
reads sequenced or the number of cDNA tags success-
fully mapped to genome, suggesting an accurate normal-
ization across all libraries. When considering organic
xenobiotics (all but copper), the number of genes/clusters
differentially transcribed for each treatment was signifi-
cantly positively correlated with the molarity of the xeno-
biotic used for larval exposure, (r = 0.89 and P < 0.05).
This overall positive correlation revealed that despite the
different nature of xenobiotics, increasing the number of
organic molecules lead to an increase in the number of
genes/cluster differentially transcribed. Principal compo-
nent analysis (PCA) based on TRs of genes/clusters dif-
ferentially transcribed revealed similar transcriptome
variations of mosquito larvae exposed to the two chemi-
cal insecticides propoxur and imidacloprid and the poly-
cyclic aromatic hydrocarbon fluoranthene (Additional
file 4: Suppl. Figure 3). Conversely, transcriptome varia-
tions of larvae exposed to the insecticide permethrin, the
herbicide atrazine and copper were more specific.
Genes differentially transcribed across treatments
Functional analysis of the 453 genes differentially tran-
scribed in mosquito larvae exposed to xenobiotics
revealed that genes responding to xenobiotics encode
proteins with diverse functions, including a large propor-
tion (up to 50%) of proteins of unknown function (Figure
2 and Additional file 1: Suppl Table 1). Among them, 108
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tags




4.16 4.10 4.21 2.63 3.72 4.68 4.62 4.02 28.12 95.5 33 037
Mapped to 
genome
2.27 2.31 2.29 1.42 1.80 2.63 2.48 2.17 15.20 51.6 15 253
Mapped to 
genes
1.89 1.93 1.87 1.19 1.49 2.19 2.03 1.80 12.59 42.7 9 812
Reads filtered from background represent tags showing > 20 reads across all conditions. Reads mapped to genome represent tags mapped to a 
unique genomic location without mismatch. Reads mapped to genes represent tags filtered from background and mapped to predicted genes. 
Ctrl: controls; Copper: exposed to copper sulfate; Fluo: exposed to fluoranthene; Atraz: exposed to atrazine; Propo: exposed to propoxur; Perm: 
exposed to permethrin; Imida: exposed to imidacloprid.
Figure 1 Distribution and significance of transcription variations 
in mosquito larvae exposed to xenobiotics. Transcription ratios of 
genes are shown as black dots while genomic clusters not mapped 
within genes are shown as white dots. Differential transcription is indi-
cated as a function of both log10 transcription ratios (exposed to xeno-
biotics/controls) and Fisher's test Pvalues. Only the transcription ratios of 
453 genes and 250 clusters showing a Fisher's test Pvalue < 0.001 in at 
least one condition are shown.
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genes were affected by both pollutants and insecticides.
Several genes affected by xenobiotics encoded enzymes,
cuticular proteins and proteins involved in transport or
DNA interactions. As previously shown by PCA, the two
chemical insecticides propoxur and imidacloprid, and to
a lesser extent the polycyclic hydrocarbon fluoranthene,
induce similar functional responses. Response induced by
copper appeared distinct compared to organic xenobiot-
ics, with a high proportion of enzymes being over tran-
scribed. Conversely, response to organic xenobiotics was
characterized by the overproduction of a large proportion
of transcripts encoding cuticular proteins. For these com-
pounds, a positive correlation was found between their
lipophilicity (Log Kow) and the proportion of transcripts
encoding cuticular proteins being significantly over-pro-
duced (r = 0.91; P < 0.01; Log Kow from 0.57 for imidaclo-
prid to 6.1 for permethrin,). Genes encoding cytoskeleton
and ribosomal proteins were also affected by various xen-
obiotics with cytoskeleton proteins showing a marked
repression in larvae exposed to the herbicide atrazine.
Finally, genes encoding proteins involved in transport
were also differentially affected by xenobiotics. A nega-
tive correlation was found between the lipophilicity (Log
Kow) of organic xenobiotics and the number of tran-
scripts involved in transport being over-produced (r =
0.95, P < 0.01).
Impact of xenobiotics on transcripts encoding enzymes
Clustering analysis of genes encoding enzymes signifi-
cantly differentially transcribed in larvae exposed to xen-
obiotics revealed that the transcript level of 115 enzymes
was affected by one or more xenobiotic (Figure 3). The
transcript level of these enzymes was strongly affected in
larvae exposed to the insecticides propoxur and imida-
cloprid and the aromatic hydrocarbon fluoranthene. A
gene tree based on transcript levels across all treatments
revealed a distribution in 6 main different enzyme clus-
ters mainly influenced by these 3 xenobiotics. Twelve
genes encoding enzymes potentially involved in xenobi-
otic detoxification were found differentially transcribed,
including 5 cytochrome P450s monooxygenases (P450s),
4 glutathione S-transferases (GSTs) and 3 carboxy/cho-
linesterases (CCEs). Among them, the three P450s
CYP9M9 (AAEL001807), CYP325X2 (AAEL005696) and
CYP6M11 (AAEL009127) were induced by multiple xen-
obiotics. Interestingly, the cytochrome b5 (AAEL012636),
a co-factor associated with P450 detoxification systems,
was also strongly induced in mosquito larvae exposed to
insecticides and copper. Among GSTs, GSTX2
(AAEL010500) was strongly and specifically induced by
the insecticide propoxur while the induction of GSTD4
(AAEL001054) appeared less specific. Transcripts encod-
ing esterases were mostly found under produced follow-
ing xenobiotic exposure. Finally, several transcripts
encoding enzymes involved in the production of energy
within the respiratory chain such as NADH dehydroge-
nase and ATP synthase were over-produced in mosquito
larvae exposed to xenobiotics while multiple serine pro-
teases, amylases and peptidases were down-regulated.
Discussion
Analyzing transcriptome variations using digital gene 
expression tag profiling
Following the genome sequencing of the dengue vector
Ae. aegypti, 15,419 putative genes were identified and
transcripts were detected for 12,350 genes by combining
cDNA microarray, massive parallel signature sequencing
(MPSS) or EST sequencing on several mosquito life
stages [21]. By using the DGETP method, we sequenced
29.4 millions 20-mer tags across 7 distinct cDNA libraries
obtained from 4th-stage larvae. This approach allowed us
to detect significant transcription signals for 6,850 pre-
dicted genes. Considering that several genes may not be
transcribed in 4th-stage larvae and that transcripts
assayed by the DGETP method require the presence of a
DpnII restriction site, such transcriptome coverage
appears satisfactory. Besides, sequence variations
between the Ae. aegypti strain used in our study (Bora-
Bora strain) and the one used for genome sequencing
(Liverpool strain), led to the rejection of numerous reads.
Within our mosquito strain, allelic variations were
detected for numerous loci and also led to the rejection of
a considerable proportion of reads as only alleles exactly
matching to the reference genome sequence were consid-
ered in the analysis (see methods). However, we believe
that such high mapping stringency is critical for generat-
ing accurate gene transcription data with short cDNA
tags. Improving the number of reads by replicating
sequencing libraries for each sample will allow a better
assessment of biological and technical variations together
with increasing transcriptome coverage. By sequencing
10 million random 36 bp cDNA fragments from two
cDNA libraries of females Drosophila melanogaster,
Sackton et al. detected 2,540 annotated genes [22]. By tar-
geting a defined region of cDNAs, the DGETP method
can generate wider transcriptome coverage together with
a higher number of cDNA tags per gene, leading to more
precise gene transcription data. Provided a reference
genome is available and the aim is to quantify transcript
levels between different biological samples, we confirm
that methods based on the combination of LongSAGE
and next-generation sequencing technologies are per-
fectly suited for deep transcriptome analysis [15]. Recent
improvements in sequencing technologies (~30 million
reads/lane on the illumina Genome Analyzer system) are
now making sequencing-based approaches the methods
of choice for whole transcriptome analyses.
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Among the 15,253 20-mer cDNA tags successfully
mapped to Ae. aegypti genome, 35% were not located
within predicted gene boundaries extended by 300 bp at
their 3' end (see methods). These tags could be gathered
into 4,868 genomic clusters with more than 40% of them
showing significant transcription signal (> 100 reads,
Additional file 1: Suppl. Figure 1). These clusters may
represent genes, exons or UTR extensions not predicted
by automated annotation. Recent studies revealed that
the genome of complex organisms produce large num-
bers of regulatory noncoding RNAs (ncRNAs) that can be
antisense, intergenic, interleaved or overlapping with
protein-coding genes [23,24]. In that concern, it is likely
that a significant proportion of transcript signatures
detected outside predicted genes represent ncRNAs. The
use of next-generation sequencing approaches specifi-
cally targeting insect ncRNAs will help decipher their
role in mosquito gene regulation and in the capacity of
insects to adapt to different environmental conditions.
Impact of xenobiotics on mosquito larvae transcriptome
Global analysis of transcriptome variations associated
with a 48 h exposure of mosquito larvae to low doses of
insecticides and pollutants revealed their ability to adjust
to modifications of their chemical environment. The
number of transcripts affected varies greatly depending
on the xenobiotic used for exposure. When considering
organic xenobiotics (all but copper), this number
increased together with the molarity of the xenobiotics.
Our results also revealed that the lipophilicity of the xen-
obiotics affects the number of differentially transcribed
genes encoding cuticular proteins and transporters. It has
been demonstrated that lipophilic xenobiotics accumu-
late in biological membranes or lipid reserves, modifying
their distribution across tissues and cells [25,26].
Although our experimental design did not allow segregat-
ing between the quantity of xenobiotic and their inherent
chemical properties, it is likely that molarity and lipophi-
licity are key factors affecting the magnitude and the
specificity of transcriptome variations observed here.
Our results demonstrated the similar strong transcrip-
tome response of mosquito larvae exposed to the insecti-
cides propoxur and imidacloprid. Despite belonging to
two different chemical groups, the carbamate propoxur
and the neonicotinoid imidacloprid both potentiate the
functioning of nicotinic cholinergic receptors [27].
Although genes encoding the primary targets of these
insecticides (acetylcholinesterase or nicotinic receptors)





Copper Fluo Atraz Propo Perm Imida




71 0.61 141 1.20 98 0.84 462 3.94 31 0.26 361 3.08
Total genes 49 0.72 86 1.26 60 0.88 318 4.64 20 0.29 239 3.49
Over-
transcribed
46 0.67 50 0.73 25 0.36 130 1.90 16 0.23 113 1.65
Under-
transcribed





22 0.45 55 1.13 38 0.78 144 2.96 11 0.23 122 2.51
Over-
transcribed
18 0.37 36 0.74 21 0.43 53 1.09 9 0.18 51 1.05
Under-
transcribed
4 0.08 19 0.39 17 0.35 91 1.87 2 0.04 71 1.46
For each treatment, the number (N) of genes and additional clusters not mapped within predicted genes found significantly differentially 
transcribed are indicated. For each value, the associated percentage regarding the total number of genes (6850), the total number of clusters 
not mapped within predicted genes (4868), or the total of genes and additional clusters (11718) is indicated. Genes or clusters were 
considered significantly differentially transcribed comparatively to controls if their associated P value (Fisher's test) was < 0.001 after multiple 
testing corrections. Copper: exposed to copper sulfate; Fluo: exposed to fluoranthene; Atraz: exposed to atrazine; Propo: exposed to 
propoxur; Perm: exposed to permethrin; Imida: exposed to imidacloprid.
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were not found significantly differentially transcribed, the
similar transcriptome responses to these two insecticides
may be partly related to similar effects generated by the
alteration of cholinergic neurons functioning [28,29].
We previously demonstrated that exposing mosquito
larvae to various pollutants for few hours can increase
their tolerance to insecticides possibly through an induc-
tion of detoxification enzymes [11,12,30]. Among the dif-
ferent pollutants tested, polycyclic aromatic
hydrocarbons were often the most potent for increasing
insecticide tolerance, possibly due to their ability to
induce detoxification enzymes [31]. The present study
detected a considerable number of genes encoding detox-
ification enzymes (89 cytochrome P450s, 22 GSTs and 27
carboxylesterases) including several genes showing tran-
scription level variations. However, only a small propor-
tion of them were found significantly affected by
xenobiotic exposure, probably due to insufficient number
of reads regarding our Fisher's t test Pvalue threshold.
Among them, members of cytochrome P450 families fre-
quently involved in resistance to insecticides and plant
toxins [7-9,32-34] were over transcribed following expo-
sure to fluoranthene, propoxur or imidacloprid. By
revealing that several other genes with a broad range of
biological functions are similarly affected by insecticides
and pollutants, our results suggest that the impact of pol-
lutants on the ability of mosquitoes to better tolerate
chemical insecticides might also be the consequence of
the induction/repression of other proteins involved in a
wide range of functions. In this concern, several cuticular
proteins were found over transcribed in mosquito larvae
exposed to insecticides or organic xenobiotics. It has
been suggested that mosquito may protect themselves
from insecticides by cuticular protein thickening leading
to a reduction of insecticide penetration [4,35]. Other
studies demonstrated that cuticular component deposi-
tion is stimulated by environmental stress [36].
Our results also suggest that mosquito larvae exposed
to xenobiotics undertake a metabolic stress associated
with changes of their chemical environment. Global cel-
lular stress response has been defined as all proteins over-
produced due to environmental stress. This response ini-
tially named 'general adaptation syndrome' occurs
together with increased mobilization of energy from stor-
age tissues [37]. Such stress response has been described
for numerous stress factors including exposure to pollut-
ants [38]. In insect cells, response to environmental
aggressions can involve various proteins including heat
shock proteins [39], metallothioneins [40] or p-glycopro-
tein synthesis [41]. Although differentiating between xen-
obiotic-specific and general stress responses is difficult,
we also highlighted such protein families including chap-
eronins, heat shock proteins and ATP-binding cassette
transporters (p-glycoprotein family). Moreover, numer-
ous genes encoding enzymes involved in the production
of energy or in cellular catabolism such as NADH dehy-
drogenase, ATP synthase, trypsin and lipases were found
over transcribed in mosquito larvae exposed to xenobiot-
ics, confirming a global stress response [37,42].
Significant transcript level variations were observed in
response to anthropogenic pollutants though those com-
pounds were not toxic for mosquito larvae (see methods).
Although we predicted the relatively important effect of
the polycyclic aromatic hydrocarbon (PAH) fluoranthene
on mosquito larvae due to known cellular effects on ani-
mals [11,12,31,43], responses to atrazine and copper were
Figure 2 Genes differentially transcribed in mosquito larvae exposed to xenobiotics. Analysis was performed on 453 genes found significantly 
differentially transcribed in at least 1 condition (Fisher's test Pvalue < 0.001). Genes were assigned to 9 different categories according to their putative 
function: enzymes (dark blue), kinases (blue), transport (pink), DNA interaction (purple), cuticle (orange), cytoskeleton dark green), ribosomes (green), 
others (grey) and unknown hypothetical proteins (dark grey). For each condition, numbers of genes found significantly over transcribed (A) and under-
transcribed (B) were compared. Copper: exposed to copper sulfate; Fluo: exposed to fluoranthene; Atraz: exposed to atrazine; Propo: exposed to 
propoxur; Perm: exposed to permethrin; Imida: exposed to imidacloprid.
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Figure 3 Enzymes differentially transcribed in mosquito larvae exposed to xenobiotics. Hierarchical clustering analysis based transcription lev-
els was performed on 115 enzyme-encoding genes showing significant differential transcription (Fisher's test Pvalue < 0.001) in larvae exposed to any 
xenobiotic. Gene tree (left) and condition tree (top) were obtained using Pearson's uncentered distance metric calculated from all Log10 transcription 
ratios (xenobiotic exposed/controls). Color scale from blue to yellow indicates Log10 transcription ratios from -1 (10-fold under transcription) to +1 (10-
fold over transcription). For each gene, accession number and annotation are indicated. Copper: exposed to copper sulfate; Fluo: exposed to fluoran-
thene; Atraz: exposed to atrazine; Propo: exposed to propoxur; Perm: exposed to permethrin; Imida: exposed to imidacloprid.
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unanticipated. In animals, the cellular impact of PAHs
has been associated with the uncoupling of mitochon-
drial respiration, direct genotoxic damages and the for-
mation of reactive oxygen species [31,44-46]. The over
transcription of NADH dehydrogenase and ATP synthase
observed after exposing larvae to fluoranthene confirm
that similar effects occur in mosquitoes. Although mos-
quitoes do not possess the protein targeted by the triazine
herbicide atrazine (plastoquinone-binding protein in
photosystem II) [47] and a very low concentration was
used (10 μg/L), this chemical affected the transcription of
several mosquito genes. In plants, atrazine disrupts the
electron transport in chloroplasts [48]. In mosquito lar-
vae, several members of the oxidative phosphorylation
pathway including NADH dehydrogenase and ATP syn-
thase were induced by atrazine, suggesting a compensa-
tion for partial uncoupling of oxidative phosphorylation
[44]. Larvae exposed to copper sulfate exhibited a signifi-
cant over transcription of 45 genes including a large pro-
portion of enzymes while only 3 genes were under-
transcribed. The induction of enzymes by copper might
be the consequence of chemical interactions between
Cu2+ ions and metalloenzymes together with other metal-
loproteins involved in electron transfers, hydrolysis and
oxido-reductions [49-51]. The strong induction of the
hemo-protein cytochrome b5 (co-factor of P450s for
electron transfer) together with several serine proteases
and oxidase/peroxidases support this hypothesis.
Conclusions
Overall, despite low concentrations, short exposure time
and no apparent phenotypic modification, the significant
effect of pollutants and insecticides on mosquito larvae
transcriptome raise important questions about the 'hid-
den impact' of anthropogenic pollutants on ecosystems,
including mammals. This concern may even be underes-
timated considering the complex and unknown cross-
effects generated by pollutant mixtures often encoun-
tered in polluted ecosystems [52]. In nematodes, it has
been shown that by applying a realistic heat stress to both
uncontaminated and polluted systems, the specimen
from polluted environment showed a stronger response
[53]. Such effects are likely to occur in polluted mosquito
breeding sites and are likely to affect the efficacy of chem-
ical insecticides used for mosquito control
[4,5,7,11,12,53]. Although further experiments are
required to fully characterize the molecular mechanisms
by which pollutants affect insecticide tolerance in mos-
quitoes, the present study clearly demonstrate that simi-
lar response mechanisms are activated by pollutants and
insecticides. Finally, the persistent contamination of wet-
lands by anthropogenic chemicals and the role of pheno-
typic plasticity in driving selection mechanisms [54] raise
the question of the long-term impact of pollutants on the
selection of insecticide resistance mechanisms. Addi-
tional experiments combining exposure of mosquitoes to
pollutants and their subsequent selection with insecti-
cides will provide valuable biological material to answer




A laboratory strain of the dengue vector Ae. aegypti
(Bora-Bora strain), susceptible to insecticides was reared
in standard insectary conditions (26°C, 8 h/16 h light/
dark period) and used for all experiments. Larvae were
reared in tap water with controlled amount of larval food
(ground hay pellets) for 4 days (3rd instar) before exposure
for 48 h to 3 chemical insecticides and 3 pollutants
belonging to various chemical classes: the pyrethroid
insecticide permethrin (Chem Service, USA), the neonic-
otinoid insecticide imidacloprid (Sigma Aldrich, USA),
the carbamate insecticide propoxur (Sigma Aldrich,
USA), the herbicide atrazine (Cluzeau, France), the poly-
cyclic aromatic hydrocarbon (PAH) fluoranthene
(Aldrich, France) and the heavy metal copper (obtained
from CuSO4, Prolabo, France). Atrazine is an herbicide
heavily used worldwide and is likely to be found in mos-
quito breeding sites near cultivated areas (e.g. field drain-
pipes) [30,55]. Similarly, copper is the major component
of Bordeaux mixture and is widely used to control fungus
on grapes and other berries [56]. Finally, fluoranthene is
one of the most ubiquitous PAH and is found at high con-
centrations in road sediments [57]. Elevated doses of flu-
oranthene are likely to be found in urban mosquito
breeding sites such as road trenches [58] or in oil spillage
areas [4].
Samples preparation
Exposures to all xenobiotics were performed in triplicate
with larvae from different egg batches (3 biological repli-
cates per treatment). One hundred larvae were exposed
to each xenobiotic in 200 ml tap water containing 50 mg
of larval food. Control larvae were obtained simultane-
ously in similar conditions without xenobiotics. Doses of
xenobiotics used for larval exposure were chosen accord-
ing to the doses likely to be found in highly polluted mos-
quito breeding sites (INERIS, http://www.ineris.fr).
Preliminary experiments revealed that fluoranthene,
atrazine or copper did not show any toxicity on mosquito
larvae even at higher concentrations than those used in
the present study. For insecticides, we chose a concentra-
tion resulting in less than 15% larval mortality after 48 h
exposure. This low mortality threshold was chosen in
order to minimize the effect of the artificial selection of
particular genotypes more tolerant to the insecticide dur-
ing exposure. Doses of xenobiotics used for exposures
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were 1.5 μg/L permethrin, 40 μg/L imidacloprid, 500 μg/L
propoxur, 25 μg/L fluoranthene, 10 μg/L atrazine and 2
mg/L CuSO4. After 48 h, larvae were collected, rinsed
twice in tap water and immediately used for RNA extrac-
tions.
Preparation of double stranded cDNA tag libraries
For each biological replicate, total RNA was extracted
from 30 fresh larvae using the PicoPure™ RNA isolation
kit (Arcturus Bioscience, Mountain View, USA) accord-
ing to manufacturer's instructions. Total RNA quality and
quantity were controlled on an Agilent 2100 Bioanalyzer
(Agilent, USA). Total RNAs were then diluted to 750 ng/
μL in nuclease-free water. For each treatment, total RNAs
from the 3 biological replicates were then pooled
together in equal proportions. Double-stranded cDNA
tag libraries (Additional file 5: Suppl. Figure 4) were pre-
pared by Illumina Corporation. Two μg total RNA were
used to isolate mRNAs by using magnetic oligo(dT)
beads before cDNA synthesis using superscript II (Invit-
rogen) at 42°C for 1 h. Second strand cDNAs were then
synthesized and mRNAs were removed. Double stranded
cDNAs were cleaved at DpnII restriction sites (5'-
GATC-3') and fragments attached to the oligo(dT) beads
on their 3' end were purified. Gene expression (GEX)
adapters 1 were ligated to the DpnII cleavage sites using
T4 DNA ligase (Invitrogen). Double stranded cDNAs
containing both GEX adaptors 1 and oligo(dT) beads
were then digested with MmeI for 1.5 h at 37°C to gener-
ate 20 bp double stranded cDNA tags. These tags were
purified before ligating GEX adapters 2 at the MmeI
cleavage site using T4 DNA ligase. The adapter-ligated
cDNA tag library was then enriched by PCR with two
primers annealing to the end of GeX adapters and Phu-
sion DNA polymerase (Finnzymes Oy). PCR cycles were
30 s at 98°C followed by 15 cycles of 10 s at 98°C, 30 s at
60°C, 15 s at 72°C and a final elongation step of 10 min at
72°C. Sequences of primers used for library preparation
are available at http://illumina.com. Enriched cDNA tag
library was then gel-purified before quality control analy-
sis on an Agilent 2100 Bioanalyzer.
Sequencing and mapping of cDNA tags to mosquito 
genome
Each cDNA tag library was sequenced as 20-mers on a
genome analyzer I (illumina Corporation). Each cDNA
tag library was sequenced on a separated flow cell lane.
Sequenced cDNA tags were then filtered from back-
ground noise according to their total number of reads
across all conditions. Only cDNA tags represented by
more than 20 reads were kept for further analysis. Back-
ground-filtered cDNA tags were then mapped to the Ae.
aegypti genome assembly (AaegL 1.1 annotation) using
TagMatcher, a software developed in our laboratory and
based on the short sequence mapping algorithm 'agrep'
[59]. TagMatcher allows matching tags to a reference
genome with errors and multiple matching loci (available
on request to 
eric.coissac@inrialpes.fr
). After mapping to Ae. aegypti genome, only tags without
ambiguous nucleotides and mapped without mismatch at
a unique genomic location were kept for clustering and
differential transcription analysis. To avoid possible bias
due to incomplete 3' UTR annotation and because most
cDNA tags were expected on the 3' side of genes (see
Additional file 5: Suppl. Figure 4), cDNA tags were con-
sidered to be 'within' a gene if located between the 5'
boundary of a gene and its 3' boundary extended by 300
bp.
Clustering and differential transcription analysis
In order to collect transcription data from distinct tags
matching to a unique transcript or a unique genomic loci
without a priori knowledge of genome annotation, we
clustered tags previously mapped to Ae. aegypti genome.
Two distinct tags were assigned to a single cluster if i)
tags were found on the same DNA strand and genomic
supercontig, ii) tags were separated by less than 500 bp
and iii) the total number of reads across all conditions
was higher for the tag located downstream (3' side) than
for the tag located upstream (5' side). The later condition
was adopted in order to take in account the effect of par-
tial DpnII digestion of cDNAs during cDNA library prep-
aration, leading to multiple tags located on a single
transcript with decreasing number of reads toward the 5'
direction (see Additional file 5: Suppl. Figure 4).
Differential analysis of transcription levels in mosquito
larvae exposed to each xenobiotic was performed at the
gene level for cDNA tags mapped within predicted genes
(i.e. gathering all tags mapped within each gene) and at
the cluster level for cDNA tags not mapped within pre-
dicted genes (i.e. gathering all tags mapped within each
cluster). Transcription ratios (TR) were calculated by
dividing the number of reads per million (RPM) in xeno-
biotic-exposed larvae by the number of RPM in control
larvae following the formula: TR = [(RPMtreated + x)/
(RPMcontrols + x)], where x is a pseudocount equal to 0.2
(approximately 1 read per million per condition). Then,
the probability of each gene to be differentially tran-
scribed more than 2-fold in either direction between
treated and controls was computed for each condition
from raw read counts, taking into account library size.
This computation was performed using Fisher's noncen-
tral hypergeometric distribution, which has the advan-
tage over standard hypergeometric law to allow
computation of Pvalue for a ratio different of one [60].
Holm correction was then applied to multiple test proce-
dure. Genes/clusters were considered differentially tran-
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scribed between xenobiotic-exposed larvae and controls
if Pvalue < 10
-3.
Differential effect of xenobiotics on mosquito larvae 
transcriptome
To compare the global effect of each xenobiotic on Ae.
aegypti larvae transcriptome, a principal component
analysis (PCA) based on Log10 TRs was performed on the
453 genes and 225 clusters not mapped within genes
showing significant differential transcription following
exposure to at least one xenobiotic. Representation of
observations (genes and clusters) and conditions (xenobi-
otics used for exposure) on PCA axis was optimized by
applying a Varimax rotation on the 5 axis best represent-
ing the variance [61]. A comparative analysis of gene
functions differentially transcribed was performed on the
453 genes showing significant differential transcription
following exposure to at least one xenobiotic. Genes were
classified in 9 different categories: enzymes, kinases,
transport, DNA interaction, cuticle, cytoskeleton, ribo-
somes, others and hypothetical proteins. For each treat-
ment, percentages of genes significantly over- and under-
transcribed were compared. To investigate the role of
enzymes in the response of mosquito larvae to xenobiot-
ics, a hierarchical clustering analysis based on TRs was
performed on the 115 enzymes showing a significant dif-
ferential transcription. Clustering analysis was performed
by loading Log10 transcription ratios into TM4 Multi
experiment Viewer (MeV) software [62]. Gene and condi-
tion trees were calculated using Pearson's uncentered dis-
tance metric and complete linkage method with
optimization of genes order [63,64].
Real-time quantitative RT-PCR validation
Transcription profiles of 14 genes were validated by
reverse transcription followed by real-time quantitative
PCR on same RNA samples used for cDNA library prepa-
ration. Four μg total RNAs were treated with DNAse I
(Invitrogen) and used for cDNA synthesis with super-
script III (Invitrogen) and oligo-dT20 primer according to
manufacturer's instructions. Resulting cDNAs were
diluted 100 times for PCR reactions. Real-time quantita-
tive PCR reactions of 25 μL were performed in triplicate
on an iQ5 system (BioRad) using iQ SYBR Green super-
mix (BioRad), 0.3 μM of each primer and 5 μL of diluted
cDNAs according to manufacturer's instructions. Data
analysis was performed according to the ΔΔCT method
taking into account PCR efficiency [65] and using the two
genes encoding the ribosomal protein L8 (GenBank
accession no. DQ440262) and the ribosomal protein S7
(Genbank accession no. EAT38624.1) for normalisation.
For each treatment, results were expressed as mean tran-
scription ratios (± SE) between xenobiotic-exposed larvae
and control larvae.
Data deposition
Detailed transcription data for the 6850 genes detected in
the present study are presented in the Additional file 6
(supplementary Table 2).
All next-generation sequencing data and cDNA library
informations associated to the present study have been
deposited at the EMBL-EBI European Read Archive
(ERA) under accession number ERA000115. Experiment
metadata are freely accessible at ftp://ftp.era-
xml.ebi.ac.uk/meta/xml/ and sequence data are freely
accessible at ftp://ftp.era-xml.ebi.ac.uk/vol1/ERA000/
ERA000115/. Expression data from the 453 genes found
differentially transcribed after xenobiotic exposure are
also accessible at http://funcgen.vectorbase.org/Expres-
sionData/.
All gene accession numbers mentioned in the present
manuscript are compatible with Ensembl, NCBI-Gen-
Bank and Vectorbase http://aaegypti.vectorbase.org
genome databases.
Additional material
Additional file 1 Supplementary figure 1. This figure represents the dis-
tribution of the number of reads across distinct genes (6850 genes), clusters 
not mapped within predicted genes (4868 clusters), all mapped clusters 
(13118 clusters) and all mapped tags (15253 tags). Genes, clusters and tags 
are ranked in ascending order according to their total number of reads 
across all conditions.
Additional file 2 Supplementary table 1. This table contains all tran-
scription data for the 453 genes found differentially transcribed in Aedes 
aegypti larvae exposed to xenobiotics. Genes are arranged in nine different 
functional categories: enzymes; kinases; transport; DNA interaction; cuticle; 
cytoskeleton; ribosomes; others and unknown hypothetical proteins. For 
each gene, accession number and gene name or annotation are indicated. 
The number of reads per million (RPM) across all conditions is indicated as 
an average transcription level. Log10 transcription ratios (exposed to xeno-
biotic/control) are indicated for each xenobiotic relative to control. Tran-
scription ratios with a significant Fisher's test Pvalue < 0.001 are shown in 
bold.
Additional file 3 Supplementary figure 2. This figure shows the valida-
tion of transcription ratios obtained from Digital Gene Expression Tag Profil-
ing (DGETP) by real-time quantitative RT-PCR. Validation was performed on 
14 genes found significantly over-transcribed by DGETP in at least one con-
dition. For each gene, transcription ratios from both techniques across all 
conditions are represented. Black dots represent conditions showing a sig-
nificant over-transcription in DGETP. Accession numbers and annotations of 
gene analyzed were: AAEL001626 (zinc/iron transporter); AAEL001981 (ser-
ine/threonine kinase); AAEL002110 (cuticular protein); AAEL004748 (pupal 
cuticular protein); AAEL004829 (NADH dehydrogenase); AAEL005416 (oxi-
dase/peroxidase); AAEL005696 (cytochrome P450 CYP325X2); AAEL005929 
(ATP-binding cassette transporter); AAEL010500 (glutathione S-transferase 
GSTX2); AAEL011008 (lipase); AAEL012636 (cytochrome b5); AAEL013514 
(pupale cuticle protein); AAEL009127 (cytochrome P450 CYP6M11); 
AAEL001807 (cytochrome P450 CYP9M9).
Additional file 4 Supplementary figure 3. This figure represents the 
results of the principal component analysis of the effect of xenobiotics on 
mosquito larvae transcriptome. Analysis was based on log10 transcription 
ratios of all genes and clusters not mapped within genes showing a signifi-
cant differential transcription in at least one treatment. Both xenobiotic 
treatments (black dots) and genes or clusters (grey crosses) are represented 
using the 3 axis best representing the variance. Biplot A: axis 1 and 2 (81.5% 
of variance). Biplot B: axis 1 and 3 (69.7% of variance).
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Transcription profiles of 11 Aedes aegypti P450 genes
from CYP6 and CYP9 subfamilies potentially involved
in xenobiotic metabolism were investigated. Many
genes were preferentially transcribed in tissues clas-
sically involved in xenobiotic metabolism including
midgut and Malpighian tubules. Life-stage transcrip-
tion profiling revealed important variations amongst
larvae, pupae, and adult males and females. Exposure
of mosquito larvae to sub-lethal doses of three xeno-
biotics induced the transcription of several genes
with an induction peak after 48 to 72 h exposure.
Several CYP genes were also induced by oxidative
stress and one gene strongly responded to 20-
hydroxyecdysone. Overall, this study revealed that
these P450s show different transcription profiles
according to xenobiotic exposures, life stages or
sex. Their putative chemoprotective functions are
discussed.
Keywords: cytochrome P450 monooxygenases,
CYPs, Aedes aegypti, mosquitoes, gene induction,
xenobiotics, detoxification, insecticides.
Introduction
Cytochrome P450 monooxygenases (P450s or CYPs
for individual proteins/genes) constitute a large ubiquitous
superfamily of heme-containing enzymes (Feyereisen,
2005). Originally identified as monooxygenases, P450s
are now known to catalyse an extremely diverse range of
reactions playing important roles in development, metabo-
lism and in the detoxification of foreign compounds (Scott
et al., 1998). In insects, P450s are involved in the meta-
bolism of endogenous compounds such as steroid
hormones and lipids. Amongst insect P450s, the best
characterized ones are probably Drosophila melanogaster
Halloween genes encoding the P450s involved in steroid
hormone biosynthesis (Gilbert, 2004). Insect P450s are
also involved in the metabolism of exogenous compounds
(xenobiotics) from natural or anthropogenic origins. These
P450s are highly diversified in insects, probably because
of intense coevolution between herbivorous insects and
defensive compounds produced by their host plants
(Schuler, 1996; Berenbaum, 2002). This important genetic
diversity reflects their diverse substrate specificities and
the broad range of chemical reactions they catalyse (Scott
& Wen, 2001).
Another characteristic of P450s is their frequent capac-
ity to be induced by xenobiotics (Feyereisen, 2005). The
relationship between the capacity of insect P450s to
degrade xenobiotics and their ability to be induced by drugs
and chemicals has sometimes been used for identifying
genes responsible for insecticide resistance (Petersen
et al., 2001; Wen et al., 2003). Recently, Wen et al. (2009)
showed that uncommonly encountered phytochemicals, as
well as synthetic substances, can enhance Helicoverpa
zea metabolic activity in an adaptative fashion against both
natural and synthetic toxins. Several studies have revealed
that exposing mosquitoes to various chemicals, including
pollutants and insecticides can increase their tolerance
to insecticides through an induction of P450s (Boyer
et al., 2006; Poupardin et al., 2008; Riaz et al., 2009). How-
ever, Willoughby et al. (2006) showed that Drosophila
P450s involved in dichlorodiphenyltrichloroethane (DDT)
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resistance were not induced by this insecticide, suggesting
that the relationship between the capacity of an enzyme to
metabolize an insecticide and its induction by the insecti-
cide is not always correlated. Moreover, little is known
about the long term impact of pollutants on the emergence
of metabolic resistances. Müller et al. (2007) pointed out
the fact that the season of intensive use of insecticides
to protect cotton crops in Cameroon coincides with an
increased tolerance of Anopheles arabiensis to pyrethroid
insecticides and an increased transcription of various
P450s. More recently, Djouaka et al. (2008) identified par-
ticular P450s specifically over-transcribed in insecticide-
resistant Anopheles gambiae populations from urban,
agricultural and oil-spillage areas.
Many additional factors such as sex, developmental
stage, hormone titre, tissue expression and stress
response have been involved in insect P450 regulation
(Harrison et al., 2001; Vontas et al., 2005; Le Goff et al.,
2006). Characterizing the response of genes encoding
P450 enzymes to these factors can also be of help for
discerning those involved in xenobiotic degradation from
those involved in other physiological processes (Chung
et al., 2009). In insects, CYP6 and CYP9 families are
over-represented and have been frequently involved in
detoxification of xenobiotics and metabolic resistance to
insecticides (Daborn et al., 2002; David et al., 2005;
Després et al., 2007; Müller et al., 2007; Chiu et al., 2008;
Strode et al., 2008).
Previously, a microarray screening of all Aedes aegypti
detoxification genes allowed us to identify several CYP6s
and CYP9s induced by various xenobiotics including insec-
ticides and pollutants (Poupardin et al., 2008; Riaz et al.,
2009). Some of these P450s, or their orthologues in other
mosquito species, were found to be up-regulated in
insecticide-resistant strains (David et al., 2005; Strode
et al., 2008; Marcombe et al., 2009). In the present study,
transcription profiles of 11 Ae. aegypti CYP6 and CYP9
P450s potentially involved in insecticide resistance or
xenobiotic response were investigated by real-time quan-
titative RT-PCR in order to identify those likely to be
involved in xenobiotic metabolism. Differential transcription
of these genes was investigated in relation to tissues, life
stages and sex. Differential transcription was also investi-
gated in a dynamic way in larvae exposed to sub-lethal
doses of two pollutants and one insecticide. Finally, differ-
ential transcription in relation to oxidative stress and moult-
ing hormone levels was investigated by exposing larvae to
hydrogen peroxide (H2O2) and 20-hydroxyecdysone (20E).
Results and discussion
Protein sequence comparison to other insect P450s
As shown in Table 1, the CYP6Z subfamily has been
frequently associated with resistance to chemical insecti-
cides in An. gambiae. Recently, Chiu et al. (2008)
demonstrated the capacity of An. gambiae CYP6Z1 to
metabolize the insecticides DDT and carbaryl and
McLaughlin et al. (2008) suggested that An. gambiae
CYP6Z2 also possesses a probable role in chemoprotec-
tion. The CYP6M subfamily, represented in our study by
CYP6M6 and CYP6M11, appeared interesting as recent
studies have pointed out its potential role in insecticide
resistance in An. gambiae (Müller et al., 2007; Djouaka
et al., 2008). Recent results indicated that An. gambiae
CYP6M2, similar to Ae. aegypti CYP6M11 and CYP6M6
can metabolize the pyrethroid insecticide permethrin (B.
Stevenson, pers. comm.). Interestingly, the Ae. aegypti
CYP6AL1 did not seem to have a clear orthologue in An.
gambiae but is rather close to the Culex pipiens CYP6F1
previously found over-transcribed in a pyrethroid-resistant
strain (Gong et al., 2005). Finally, Ae. aegypti CYP9s
considered in the present study appeared relatively close
to An. gambiae CYP9s, but none of them or their most
similar insect P450s have yet been associated with
xenobiotic metabolism.
Transcription profiling according to larval tissues,
life-stages and sex
Constitutive transcription profiles of CYP genes were first
investigated in different larval tissues (Fig. 1, left side and
Table S1). Transcription levels of these P450 genes
appeared highly dependent on the tissues considered and
could vary greatly amongst genes showing high sequence
homology. Most analysed P450s were preferentially tran-
scribed in the alimentary canal (anterior midgut, midgut
and Malpighian tubules) comparatively to head and
abdomen carcass. All analysed CYP6Zs, CYP6Ms and
CYP6Ns displayed this transcription pattern except
CYP6Z6 was preferentially transcribed in head and ante-
rior midgut. Despite 68% cDNA sequence homology and
contiguous genomic location, CYP9M8 and CYP9M9
showed different transcription profiles in larval tissues.
Both showed a low transcription level in abdomen
carcass, but CYP9M9 was preferentially transcribed in
alimentary canal and under-transcribed in head whereas
CYP9M8 revealed a low transcription level in midgut and
Malpighian tubules. Ai et al. (2009) have shown that two
P450s (CYPA19 and CYPA21) from Bombyx mori with
striking sequence identity have different transcription pat-
terns. CYP9A19 was detectable in the brain, midgut and
testis, whereas CYP9A21 was found in the brain, fat body,
epidermis and ovary, with no expression in the midgut.
This phenomenon might be the consequence of their
recent duplication followed by modification of their pro-
moter sequence leading to different transcription profiles
(Ai et al., 2009). Finally, CYP9J15 was the only CYP being
preferentially transcribed in Malpighian tubules whereas
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CYP6Z6 AAEL009123 (1) (3)* CYP6Z2 AGAP008218 62 Anopheles gambiae (5) (6) (7)
CYP6Z3 AGAP008217 61 An. gambiae
CYP6Z1 AGAP008219 58 An. gambiae (5) (7) (8) (10)
CYP6Z4 AGAP002894 60 An. gambiae
CYP6D4 AE003740 41 Drosophila melanogaster (9)
CYP6Z7 AAEL009130 CYP6Z2 AGAP008218 62 An. gambiae (5) (6) (7)
CYP6Z3 AGAP008217 61 An. gambiae
CYP6Z1 AGAP008219 58 An. gambiae (5) (7) (8) (10)
CYP6Z4 AGAP002894 57 An. gambiae
CYP6D4 AE003740 42 D. melanogaster (9)
CYP6Z8 AAEL009131 (2)* (3)* CYP6Z2 AGAP008218 61 An. gambiae (5) (6) (7)
CYP6Z3 AGAP008217 61 An. gambiae
CYP6Z1 AGAP008219 59 An. gambiae (5) (7) (8) (10)
CYP6Z4 AGAP002894 59 An. gambiae
CYP6D4 AE00374 41 D. melanogaster (9)
CYP6Z9 AAEL009129 (4) CYP6Z2 AGAP008218 60 An. gambiae (5) (6) (7)
CYP6Z3 AGAP008217 60 An. gambiae
CYP6Z1 AGAP008219 57 An. gambiae (5) (7) (8) (10)
CYP6Z4 AGAP002894 57 An. gambiae
CYP6D4 AE003740 40 D. melanogaster (9)*
CYP6M6 AAEL009128 (1) (2)* CYP6M3 AGAP008213 61 An. gambiae
CYP6M2 AGAP008212 60 An. gambiae (7)(12)
CYP6M4 AGAP008214 58 An. gambiae
CYP6M1 AGAP008209 56 An. gambiae
CYP6N2 AGAP008206 50 An. gambiae (12)
CYP6M11 AAEL009127 (1) (2)* CYP6M3 AGAP008213 68 An. gambiae
CYP6M2 AGAP008212 66 An. gambiae (7)(12)
CYP6M4 AGAP008214 61 An. gambiae
CYP6M1 AGAP008209 60 An. gambiae
CYP6N2 AGAP008206 51 An. gambiae
CYP6N12 AAEL009124 (2)* (3)* CYP6N1 AGAP008210 60 An. gambiae (12)
CYP6N2 AGAP008206 58 An. gambiae
CYP6M3 AGAP008213 55 An. gambiae
CYP6M2 AGAP008212 54 An. gambiae (7)(12)
CYP6M4 AGAP008214 52 An. gambiae
CYP6AL1 AAEL008889 (2)* (5)* CYP6F1 AB001324 54 Culex pipiens (11)
CYP6BE1 AADG05009058 40 Apis mellifera
CYP6AZ1 AY884043 37 Momomorium destructor
CYP6N1 AGAP008210 39 An. gambiae (12)
CYP6M4 AGAP008214 37 An. gambiae
CYP9M8 AAEL009591 (2)* CYP9M1 AGAP009363 50 An. gambiae
CYP9M2 AGAP009375 47 An. gambiae
CYP9K1 AGAP000818 40 An. gambiae
CYP9E1 AY509245 37 Dasiprocta punctata
CYP9J4 AGAP012292 35 An. gambiae
CYP9M9 AAEL001807 (2)* CYP9M1 AGAP009363 53 An. gambiae
CYP9M2 AGAP009375 53 An. gambiae
CYP9E1 AY509245 39 D. punctata
CYP9K1 AGAP000818 39 An. gambiae
CYP9E2 AF275640 37 Blattella germanica
CYP9J15 AAEL006795 (2)* CYP9J3 AGAP012291 58 An. gambiae
CYP9J4 AGAP012292 48 An. gambiae
CYP9J5 AGAP012296 51 An. gambiae
CYP9E2 AF275640 42 B. germanica
CYP9L2 AGAP012294 43 An. gambiae
Percentages of identities were obtained by comparing protein sequences with known insect P450s from the insect P450 website (http://
p450.sophia.inra.fr) using the BLASTP function. References describing the possible involvement of each P450 in xenobiotic induction (*) or constitutive
insecticide resistance are indicated. Numbers refer to publications. (1) Marcombe et al., 2009, (2) Poupardin et al., 2008, (3) Riaz et al., 2009, (4) Strode
et al., 2008, (5) David et al., 2005, (6) McLaughlin et al., 2008, (7) Müller et al., 2007, (8) Chiu et al., 2008 (9), Willoughby et al., 2006, (10) Nikou et al.,
2003, (11) Gong et al., 2005, (12) Djouaka et al., 2008.
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CYP6AL1 was the only gene preferentially transcribed in
abdomen carcass. In their breeding sites, Aedes larvae
are indiscriminate filter feeders continuously exposed to a
wide range of xenobiotics dissolved in water or bound
to food particles (Aly, 1988). The preferential transcription
of these P450s in the larval alimentary canal might be
related to their ability to metabolize xenobiotics present in
their environment (Li et al., 2008). In Drosophila, CYP6G1
was associated with DDT resistance and was over-
transcribed in the Malpighian tubules, midgut and fat
bodies (Chung et al., 2006; Yang et al., 2007), suggesting
that xenobiotic metabolism may be linked to the renal
function in this species. More generally, 40% of D. mela-
nogaster P450s were found transcribed in the midgut sup-
porting the hypothesis of the alimentary canal being the
main xenobiotic defence tissue (Li et al., 2008). Similarly,
a recent study revealed that most An. gambiae P450s
were over-transcribed in the midgut, hindgut and Mal-
pighian tubules, suggesting that these tissues play a
major role in xenobiotic detoxification (Neira Oviedo et al.,
2008). Yang et al. (2007) suggested that the midgut con-
stitutes the first barrier for ingested chemicals, whereas
the tubules are more likely to handle topically applied
agents that appear in the haemocoel. Our data demon-
strated that Ae. aegypti CYP6Z7, CYP6Z8, CYP6M6,
CYP6M11 and CYP6N12 are preferentially transcribed in
the larval alimentary canal and Malpighian tubules.
Secondly, we investigated the influence of the devel-
opment stage on P450 transcription levels by comparing
fourth stage larvae, pupae, adult males and adult
females (Fig. 1, right side and Table S1). Most of the
P450s studied were over-transcribed in adult males com-
pared to adult females. All CYP6Zs except CYP6Z9 fol-
lowed this pattern. Le Goff et al. (2006) identified similar
transcription patterns for several D. melanogaster CYP6
genes. The An. gambiae CYP6Z1 was also found to be
over-transcribed in adult males compared to adult
females in both pyrethroid resistant and susceptible
strains (Nikou et al., 2003). Female mating can regulate
P450s expression and the frequent down-regulation of
P450s in females could result from a trade-off in
resource allocation between reproduction and detoxifica-
tion (McGraw et al., 2004). Our results revealed that
CYP6Z6, CYP6Z8, CYP9M9 and CYP9J15 were all
over-transcribed in larvae compared to pupae. During
the pupal stage, mosquitoes do not feed and in conse-
quence are less exposed to dietary xenobiotics. There-
fore, the under-transcription of P450s involved in dietary
xenobiotic detoxification during this stage is not surpris-
ing. Strode et al. (2006) have described the same tran-
scription pattern for CYP6Z2 and CYP6Z3 in An.
gambiae. Conversely, CYP9M8 and CYP6AL1 were both
strongly over-transcribed in pupae compared to larvae
(18- and ninefold, respectively). The over-transcription of
these two P450s at the pupal stage may be linked to
metabolic or hormonal changes during pupation. In Ae.
aegypti, Margam et al. (2006) found an increase in
ecdysteroid level at the beginning of the pupal stage
which may affect the transcription of particular P450s.
As for tissue transcription profiles, despite highly similar
sequences, CYP9M9 and CYP9M8 showed a marked
differential transcription in pupae (¥621-fold vs./1.25-fold
comparatively to adult females) suggesting a different
role in pupal development. Despite different transcription
profiles in larval tissues and pupae, these two P450s
were both highly over-transcribed in larvae compared to
the adults (¥35-fold) suggesting that they may play dis-
tinct but significant roles in larvae.
Transcription profiling in larvae exposed to xenobiotics
The induction capacity of the 11 studied P450s by xeno-
biotics was investigated by exposing larvae to sub-lethal
doses of three different xenobiotics: the polycyclic aro-





















Figure 1. Constitutive transcription profiles of 11 Aedes aegypti P450s across different larval tissues (left) and different life stages (right). Tissues
analysed were: whole larva (WL), head (H), anterior midgut including gastric caeca (AM), midgut (M), Malpighian tubules (MT) and abdomen carcass (C).
Life stages analysed were: fourth-stage larvae (L), pupae (P), 3-day-old adult males (M) and 3-day-old adult females (F). Transcription levels are
expressed as mean fold transcription relative to whole larvae (tissues) or adult females (life-stages). Red and green indicate significant over- and
under-transcription respectively (ratio >1.5-fold in either direction and Mann–Whitney test P-value < 0.05). Yellow indicates no significant transcription
variations. Genes are organized according to their protein sequence homology.
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matic hydrocarbon fluoranthene, the pyrethroid insecticide
permethrin and the heavy metal copper (Fig. 2 and
Table S2). For each gene, transcription levels in larvae
exposed to each xenobiotic were measured up to 96 h
following xenobiotic exposure and normalized according
to controls (unexposed larvae).
These experiments confirmed the capacity of particular
P450s to be induced by sub-lethal doses of xenobiotics.
Bearing in mind the low xenobiotic concentrations used,
the maximum peak of induction was observed after 48 to
72 h of exposure. Amongst the 11 analysed genes, six
were induced by fluoranthrene, five by permethrin and
five by copper sulphate. Interestingly, CYP6M11,
CYP6N12 and CYP6AL1 were induced by all xenobiotics.
All genes induced by the three xenobiotics, except
CYP6AL1, were also preferentially transcribed in the ali-
mentary canal (Fig. 1), supporting a significant role of
these tissues in xenobiotic response. Finally, CYP6AL1
displayed a particular transcription profile in larvae
exposed to xenobiotics with marked down-regulation a
few hours after the beginning of exposure followed by
gradual up-regulation. Considering that this gene does
not show tissue and life-stage transcription profiles likely
to be associated with xenobiotic metabolism (see above),
these variations might be the consequence of the stress
generated by xenobiotics and/or the indirect effect of
xenobiotics on larval development.
Transcription variations in response to oxidative
stress and 20E
To investigate the effect of oxidative stress on the 11
P450s studied, Ae. aegypti larvae were exposed to H2O2
for 6 and 24 h (Fig. 3 left side and Table S3). Several
genes including CYP6Z8, CYP6Z9, CYP6M6, and
CYP9M9 were induced by oxidative stress at one or
both time points. Interestingly, most of the genes induced
by H2O2 except CYP6Z9 were induced by at least
one xenobiotic supporting the hypothesis that the induc-
tion of some detoxification genes following xenobiotic
exposure could be the result of oxidative stress (Ding
et al., 2005).





















Figure 2. Transcription profiles of 11 P450s in Aedes aegypti larvae exposed from 6 to 96 h to sub-lethal concentrations of three different xenobiotics:
the polycyclic aromatic hydrocarbon fluoranthene, the pyrethroid insecticide permethrin and the heavy metal copper. For each time point, transcription
levels are expressed as mean fold transcription relative to controls (unexposed larvae). Red and green indicate significant over- and under-transcription
respectively (ratio >1.5-fold in either direction and Mann–Whitney test P-value < 0.05). Yellow indicates no significant transcription variations. Genes are
organized according to their protein sequence homology.





















Figure 3. Transcription profiles of 11 P450s in Aedes
aegypti larvae exposed to sub-lethal concentrations
of hydrogen peroxide (H2O2) and
20-hydroxyecdysone (20E). Larvae were exposed
during 6 and 24 h to 0.025% of H2O2 and 5 mg/l 20E.
For each time point, transcription levels are
expressed as mean fold transcription relative to
controls (unexposed larvae). Red and green indicate
significant over- and under-transcription respectively
(ratio >1.5-fold in either direction and Mann–Whitney
test P-value < 0.05). Yellow indicates no significant
transcription variations. Genes are organized
according to their protein sequence homology.
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Differential P450 transcription during mosquito develop-
ment may be explained by hormonal variations such as
moulting hormone fluctuations. To test this hypothesis,
mosquito larvae were exposed to 20E, the active moulting
hormone for 6 and 24 h (Fig. 3 right side and Table S3).
Only CYP6AL1 showed a strong response to 20E, sug-
gesting that this gene may play a significant role in moults,
metamorphosis and/or hormone metabolism. This hypoth-
esis is supported by a chaotic xenobiotic induction profile,
a preferential transcription in the abdomen carcass and an
over-transcription in pupae. Similarly, CYP9M8, found
over-transcribed in pupae and down-regulated in the ali-
mentary canal, slightly responded to 20E, suggesting that
this gene may also have a possible role in endogenous
metabolism.
Conclusion
In the present study, transcription profiles of 11 Ae. aegypti
CYP6s and CYP9s were investigated in order to identify
those possibly involved in xenobiotic metabolism. Follow-
ing these results, most CYP6Zs but also CYP6M11,
CYP6M6 and CYP6N12 are all preferentially transcribed
in typical detoxification tissues and larvae or adult males.
Most of these genes are also inducible by various xeno-
biotics and oxidative stress. Although the unambiguous
functional characterization of these enzymes requires
further experimental work such as heterologous expres-
sion followed by in vitro metabolism studies, these P450s
are likely to have a chemoprotective role in Ae. aegypti.
Experimental procedures
Choice of studied P450s and sequence analysis
Candidate Ae. aegypti CYP genes were chosen for their ability to
be induced by pesticides or pollutants (Poupardin et al., 2008;
Riaz et al., 2009) and for their putative role in insecticide resis-
tance according to the literature (Table 1). Considering the high
sequence similarity of CYP6Zs, we decided to analyse the tran-
scription profile of all subfamily members. For each P450, protein
sequence was compared to other available insect P450s by using
the local BLASTP function available at the insect P450 website
(http://p450.sophia.inra.fr). For each P450, only the five BLASTP
hits showing the smallest E-values were considered. The involve-
ment of those similar insect P450s in insecticide resistance
and/or xenobiotic induction was reported based on the existing
literature.
Mosquitoes and sample preparation
A laboratory Ae. aegypti strain susceptible to insecticides (Bora-
Bora strain) was reared in standard insectary conditions (27 °C,
16 h/8 h light/dark period, 80% relative humidity) and used for
all experiments. Larvae were reared in tap water and fed with
standard larval food (hay pellets). Each experiment was per-
formed with three independent egg batches from different
generations (three biological replicates).
P450 transcription profiles were first investigated at four differ-
ent life stages: fourth-stage larvae, pupae, adult males and adult
females (3-days post emergence, nonblood-fed). For each bio-
logical replicate, 30 fresh individuals of each life stage were
collected and immediately used for RNA extractions.
Transcription profiles were then investigated in different larval
tissues obtained by dissecting fourth stage larvae. The different
larval tissues studied were: whole larvae (WL), head (H), anterior
midgut including gastric caeca (AM), midgut (M), Malpighian
tubules and hindgut (MT) and carcass from abdomens (C).
Tissues were dissected from more than 200 fresh larvae in
ice-cold RNAlater (Ambion, Austin, TX, USA) and stored in
RNAlater at 4 °C until RNA extractions.
The capacity of P450s to be induced by xenobiotics was
investigated by exposing larvae to three different xenobiotics for
6 to 96 h. To avoid any bias because of pupation during xeno-
biotic exposure, third-stage larvae were used for exposure,
leading to fourth-stage larvae after 96 h exposure. Xenobiotics
used for larval exposure were: the polycyclic aromatic hydro-
carbon fluoranthene (Aldrich, Saint-Louis, MO, USA), the pyre-
throid insecticide permethrin (Chem Service, West Chester,
PA, USA) and the heavy metal copper (obtained from copper
sulphate; Prolabo, France). Concentrations used for larval
exposure were chosen according to the concentrations likely
to be found in highly polluted environments (INERIS, http://
www.ineris.fr). For the insecticide permethrin, a concentration of
1 mg/l resulting in less than 5% larval mortality after 96 h expo-
sure was chosen. For the other xenobiotics, no larval mortality
was observed during exposure and doses of 25 mg/l and 1 mg/l
were chosen for fluoranthene and copper sulphate, respectively.
Time-points chosen for monitoring gene transcription compara-
tively to unexposed larvae were 6, 24, 48, 72 and 96 h after the
beginning of exposure. Exposures to all xenobiotics were per-
formed in six replicates of 100 homogenous 2-day-old larvae in
200 ml tap water and 50 mg larval food (ground hay pellets). At
each time point, three ¥ 30 larvae were collected, rinsed twice
in tap water and immediately used for RNA extractions.
The capacity of P450s to respond to oxidative stress and moult-
ing hormone level was investigated by exposing fourth-stage
larvae to H2O2 (Sigma-Aldrich, Saint-Louis, MO, USA) and puri-
fied 20E kindly provided by Dr C. Dauphin-Villemant (Univ. Pierre
et Marie Curie, France). Preliminary experiments allowed us to
choose a concentration of H2O2 resulting in less than 5% mortality
after 24 h. Similarly, a concentration of 20E resulting in no larval
mortality and no modification of larval development time was
chosen. Fourth-stage larvae were exposed during 6 and 24 h to
0.025% H2O2 or 5 mg/l 20E. Exposures were repeated three
times with different egg batches. At each time point, 30 larvae
were collected, rinsed twice in tap water and immediately used for
RNA extractions.
RNA extractions and real-time quantitative RT-PCR
Total RNAs from each sample were extracted using Trizol
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Four micrograms of total RNAs were treated with
DNAse I (Invitrogen) for 20 min at 20 °C and used for cDNA
synthesis with Superscript III (Invitrogen) and oligo-dT20 primer
(Invitrogen) for 60 min at 50 °C according to the manufacturer’s
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instructions. Resulting cDNAs were diluted 100 times in ultra-high
quality water for real-time quantitative RT-PCR reactions. Real-
time quantitative PCR reactions of 25 ml were performed on an
iQ5 system (BioRad, Hercules, CA, USA) using MesaGreen
Supermix (Eurogentec, Liège, Belgium), 0.3 mM of each primer
and 5 ml of diluted cDNAs according to the manufacturers’
instructions. For each gene analysed, a cDNA dilution scale
from five to 50 000 times was performed in order to assess
PCR efficiency and quantitative differences amongst samples.
For each gene analysed, a melt curve analysis was performed
to check for the unique presence of the targeted PCR product
and the absence of significant primer dimers. Primers used for
real-time quantitative PCR are listed in Table 2. Data analysis
was performed according to the DDCt method taking into
account PCR efficiency (Pfaffl, 2001) and using the housekeep-
ing genes encoding the ribosomal protein L8 (AeRPL8,
GenBank accession no.: DQ440262) and the ribosomal protein
S7 (AeRPS7, GenBank accession no.: EAT38624.1) for a dual-
gene normalization. For xenobiotic exposure experiments,
results were expressed as mean transcription ratios (fold)
between larvae exposed to each xenobiotics and controls at
each time point. For life-stage experiments, results were
expressed as mean transcription ratios (fold) relative to adult
females. For tissue experiments, results were expressed as
mean transcription ratios (fold) relative to whole larvae. Quan-
titative RT-PCR data were computed by using a Mann–Whitney
test on transcription ratios (H0: transcription ratio = 1). Genes
were considered significantly over-transcribed when the
transcription ratio minus SE was superior to 1.5 and the Mann–
Whitney P-value was <0.05. Reciprocally, genes were consid-
ered significantly under-transcribed when transcription ratio
plus SE was inferior to 0.67 (corresponding to 1.5-fold under-
transcription) and the Mann–Whitney P-value was <0.05.
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 /H FKDSLWUHSUpFpGHQW DPLV HQ pYLGHQFHTXH O¶H[SRVLWLRQGH ODUYHVGH PRXVWLTXHV j
des doses sub-létales de xénobiotiques peut modifier leur tolérance vis-à-vis de différents 
insecticides chimiques et que cette augmentation de tolérance peut être expliquée par 
O¶LQGXFWLRQ  GH différents gènes, notamment ceux impliqués dans la détoxication. Dans des 
gîtes continuellement exposés à des polluants et traités avec des insecticides chimiques, il est 
LPSRUWDQWG¶pWXGLHUO¶LPSDFWjORQJWHUPHdes xénobiotiques sur O¶DSSDULWLRQGHVPpFDQLVPHV
de résistance aux insecticides et la sélection des gènes associés. Autrement dit, les polluants 
peuvent-ils agir sur la sélection de mécanismes de résistance aux insecticides chimiques chez 
les moustiques, et si oui, ces polluants favorisent-ils la sélection de certains gènes en 
particulier ? Ces questions sont originales et à notre connaissance, aucune étude présente dans 
ODOLWWpUDWXUHQ¶DSX\UpSRQGUHFODLUHPHQW'HQRPEUHXVHVpWXGHVWUDLWHQWGHODVpOHFWLRQGHV
mécanismes de UpVLVWDQFHVFKH] OHVPRXVWLTXHV WDQGLVTXHG¶DXWUHV  WUDLWHQWGH O¶DGDSWDWLRQ
des organismes à de forts niveaux de pollution mais aucune pWXGHH[SpULPHQWDOHQ¶DMXVTX¶ici 
combiné la présence de polluants et la force de sélection induite par les insecticides. 
 Pour tenter de répondre à ces questions, différentes approches ont été menées au  cours 
de la présente thèse. Une première approche expérimentale basée sur la sélection avec 
O¶LQVHFWLFLGH S\UpWKULQRwGH SHUPpWKULQH GH GLIIpUHQWHV VRXFKHV GH PRXVWLTXHV préalablement 
exposées ou non à des doses sub-létales de différents polluants a été menée au laboratoire. Les 
études toxicologiques et transcriptomiques ensuite réalisées sur ces différentes souches ont 
montré que la présence de polluants est susceptible G¶DJLU VXU OHV PpFDQLVPHV GH VpOHFWLRQ
induits par les insecticides (Publication V). 
 (Q SDUDOOqOH XQH FROODERUDWLRQ DYHF O¶,5' ODERUDWRLUH GH /XWWH FRQWUH OHV ,QVHFWHV
1XLVLEOHV 0RQWSHOOLHU QRXV D SHUPLV GH WUDYDLOOHU VXU GHV VRXFKHV G¶Ae. aegypti multi-
résistantes aux insecticides de Martinique et de découvrir que ces résistances étaient liées à 
des mutations de cibles mais aussi dues à de la surexpression de différentes enzymes de 
détoxication. Une étude populationnelle plus précise de la résistance aux insecticides et de la 
pollution chimique observée en Martinique nous a ensuite permis de proposer des hypothèses 
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TXDQWjO¶DSSDULWLRQGHVPpFDQLVPHVGHUpVLVWDQFHs aux insecticides observés à la Martinique 
(Publications VI et VII). 
'¶XQHPDQLqUHJOREDle, cette deuxième partie a permis de mettre en évidence O¶LPSDFW
SRWHQWLHOGH O¶HQYLURQQHPHQW FKLPLTXH GHVPRXVWLTXHV VXU O¶apparition des mécanismes 
de résistances aux insecticides. 
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transcriptomics. En préparation. 
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interprétation des résultats et rédaction du manuscrit. 
 
Publication VI: Marcombe S, Poupardin R, Darriet F, Reynaud S, Bonnet J, Strode C, 
Brengues C, Yébakima A, Ranson H, Corbel V, David JP. 2009. Exploring the 
molecular basis of insecticide resistance in the dengue vector Aedes aegypti: a case 
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Submitted. 
 Apport personnel : 3UpSDUDWLRQ GHV pFKDQWLOORQV SDUWLFLSDWLRQ j O¶H[Wraction des 





I/ Les polluants peuvent-ils influencer la sélection des 
mécanismes de résistances aux insecticides chez les 
moustiques ? (Publication V) 
1/ Approche expérimentale utilisée 
 Pour mettre en évidence O¶impact possible des polluants environnementaux sur les 
mécanismes de la résistance aux insecticides chimiques héritée chez les moustiques, nous 
avons opté pour une approche expérimentale en conditions contrôlées combinant une 
sélection avec un insecticide chimique et une exposition à des xénobiotiques. La perméthrine, 
insecticide de la famille des pyrethrinoïdes, a été choisie pour la sélection des larves de 
moustiques. Bien que cet insecticide ne soit pas utilisé en tant que larvicide, il reste cependant 
un bon insecticide modèle sur lequel nous avons accumulé de nombreuses données au cours 
des études précédentes, concernant ses interactions avec les polluants. Le choix des 
xénobiotiques utilisés pour l¶H[SRVLWLRQGHV ODUYHV j FKDTXH JpQpUDWLRQ V¶HVW SRUWp VXUGHX[
PROpFXOHV /D SUHPLqUH HVW OH +$3 IOXRUDQWKqQH TXL V¶HVW UpYpOp rWUH XQ LQGXFWHXU GH OD
transcription de certains gènes, notamment ceux impliqués dans la détoxication. De plus, nous 
avons montUp SUpFpGHPPHQW TXH O¶H[SRVLWLRQ GHV ODUYHV j FH SROOXDQW HQWUDvQH XQH
augmentation de tolérance à certains insecticides chimiques, notamment la perméthrine. La 
GHX[LqPHPROpFXOHFKRLVLHSRXUO¶H[SRVLWLRQGHVODUYHVDYDQWODVpOHFWLRQHVWODSHUPpWKULQH
(à des doses très faibles) afin de mimer les résidus de traitements insecticides potentiellement 
UHQFRQWUpVGDQVO¶HQYLURQQHPHQWGHVODUYHVSHQGDQWOHXUGpYHORSSHPHQW 
 /¶DSSURFKH H[SpULPHQWDOH XWLOLVpH HVW UpVXPpH GDQV OD Figure 23. Brièvement, une 
VRXFKHVHQVLEOHG¶Ae. aegypti (souche Bora-Bora) a été utilisée comme souche parente pour 
sélectionner les trois souches Noexp-Perm, Fluo-Perm, et Perm-Perm. Les larves de la souche 
Noexp-SHUP VRQW pOHYpHV GDQV GH O¶HDX GpQXpH GH [pQRELRWLTXH DYDQW OHXU VpOHFWLRQ j OD
perméthrine au stade 4 (taux de mortalité entre 60 et 80%). Pour les deux autres souches, les 
larves (stade 2/3) sont exposées durant 72 heures à 100 µg/L de fluoranthène (souche Fluo-
Perm) ou à une dose sub-létale (0,4 µg/L) de perméthrine (souche Perm-Perm) avant sélection 








Après 10 générations de sélection, des tests toxicologiques ont permis de comparer les 
niveaux de résistance larvaire constitutive des trois souches vis-à-vis de la perméthrine. 
/¶XWLOLVDWLRQG¶XQHSXFHj$'1UHSUpVHQWDQWSOXVGHWUDQVFULWVG¶Ae. aegypti (Agilent 8 
[.DSHUPLVG¶LGHQWLILHUOHVJqQHVdifférentiellement transcrits au sein de chaque souche 
sélectionnée comparativement à la souche parentale non sélectionnée. Les transcrits 
présentant des rapports de transcription  supérieurs à 1,5 fois (sur- ou sous-transcription) en 
comparaison de la souche parentale et une P-value après correction de test multiples < 0.01 
ont pWpFRQVLGpUpVFRPPHVLJQLILFDWLIV3RXUO¶DQDO\VHGHVGRQQpHVXQHDQDO\VHFRPSDUDWLYH
de la fonction des 423 gènes retrouvés différentiellement transcrits dans au moins une souche 
a été conduite. Pour cela, les gènes ont été classés en douze catégories « fonctionnelles » 
distinctes : enzymes de détoxication, deshydrogénases, kinases/phosphatases, autres enzymes, 
transport/chaperones, métabolisme des hormones, catabolisme/anabolisme cellulaire, 
LQWHUDFWLRQV DYHF O¶$'1 F\WRVTXHOHWWH SURWpLQHV ULERVRPDOHV SURWpLQHV K\SRWKpWLTXHV HW
autres protéines. Les pourcentages de gènes significativement sur- et sous-transcrits ont été 
FRPSDUpVSRXUFKDTXHVRXFKHG¶XQHSDUWPDLVDXVVLHQWUHOHV différentes souches résistantes. 
Pour étudier plus précisément le rôle potentiel des gènes codant pour les enzymes de 
détoxication dans la résistance des différentes souches, une analyse par hiérarchisation des 
patrons de transcription (« Clustering ») a été réalisée. Les arbres ont été construits en 
utilisant la distance Euclidienne entre les rapports de transcription et la méthode 
G¶DSSDULHPHQWFRPSOHWDYHFRSWLPLVDWLRQGHO¶RUGUHGHVJqQHVjO¶DLGHGXORJLFLHO700XOWL
experiment Viewer (MeV)  (Saeed et al. 2003). 
Figure 23: Approche expérimentale utilisée SRXU pWXGLHU O¶LPSDFW GH O¶H[SRVLWLRQ GH ODUYHV GH PRXVWLTXHV au 




2/ Résultats obtenus 
2-1/ Tolérance des souches à la perméthrine 
Les bioessais (Figure 24UpYqOHQWTX¶DSUqVJpQpUDWLRQVGHVpOHFWLRQOHVODUYHVGHV
trois souches sélectionnées montrent une résistance constitutive accrue à la perméthrine 
comparativement à la souche non sélectionnée. Ces augmentations de résistance de 3, 1,8 et 
2,4 fois chez Noexp-Perm, Fluo-Perm et Perm-Perm respectivement sont modérées mais 
significatives. La comparaison des CL50 et des intervalles de confiance ne révèlent pas de 
différence significative de résistance à la perméthrine entre les souches Noexp-Perm et Perm-
Perm. En revanche, la souche Fluo-Perm apparaît légèrement moins résistante par rapport aux 
deux autres souches. 
 
Figure 24 : Mesure de la tolérance constitutive à la perméthrine des différentes souches après  10 générations de 
sélection. Les bioessais ont été réalisés sur des larves de stade 4 de la génération 11 non exposées à aucun 
xénobiotique ou insecticide. Cinq doses de perméthrine allant de 1,5 à 6,5 µg/L ont été utilisées et la mortalité a 
été mesurée 24 heures après le début du bioessai. Les CL50 ont été calculées avec le logiciel XL-Stats (Addinsoft, 
Paris, France) et les données ont été représentées en microgrammes de perméthrine par litre ± les intervalles de 
confiance à 95%. 
 
2-2/ Etude des variations de transcription des gènes  
 $SUqVJpQpUDWLRQVGHVpOHFWLRQO¶DQDO\VHSDUSXFHj$'1DSHUPLVGHTXDQWLILHUOH
niveau de transcription de plus 13500 gènes pour chaque souche analysée (Tableau 2). Chez 
Noexp-Perm, souche non exposée aux xénobiotiques avant sélection, seulement 80 transcrits 
(0,51%) sont  différentiellement transcrits (rapports de transcription > 1,5 et < à -1,5 avec une 


























souches résistantes exposées à des xénobiotiques avant sélection apparait plus important avec 
260 (1,71%) et 191 (1,21%) gènes chez les souches Fluo-Perm et Perm-Perm respectivement. 
Tableau 26WDWLVWLTXHVGHO¶pWXGHWUDQVFULSWRPLTXHSDUSXFHj$'1 
Transcripts Noexp-Perm Fluo-Perm Perm-Perm 
        
Detected 13766 (100%) 13902 (100%) 13882 (100%) 
        
     Over-transcribed 44 (0.32%) 150 (1.07%) 100 (0.72%) 
          Annotated 27 (0.20%) 98 (0.70%) 68 (0.49%) 
          Hypothetical 17 (0.12%) 52 (0.37%) 32 (0.23%) 
        
     Under-transcribed 36 (0.26%) 110 (0.79%) 91 (0.65%) 
          Annotated 26 (0.19%) 65 (0.47%) 55 (0.40%) 
          Hypothetical 10 (0.07%) 45 (0.32%) 36 (0.25%) 
        
Le nombre de transcrits détectés est indiqué pour chaque souche et correspond à 100%. Les nombres de gènes 
sur- ou sous-transcrits sont également indiqués pour chaque souche. 
 
 
Figure 25: Diagramme de Venn montrant les gènes sur- et sous-transcrits chez les trois souches sélectionnées 
avec la perméthrine comparativement à la souche non sélectionnée. Le nombre total de gènes différentiellement 
transcrits chez Noexp-Perm est de 80, 260 pour Fluo-Perm et 191 pour Perm-Perm. Les chiffres couplés aux 
flèches correspondent aux gènes retrouvés sur-transcrits et sous-transcrits chez différentes souches. 
De nombreux gènes apparaissent différentiellement transcrits chez plusieurs souches 
sélectionnées avec la perméthrine (Figure 25). Parmi eux, la majorité est trouvée chez les 
souches Fluo-Perm et Perm-Perm. Seulement 8 et 6 gènes apparaissent communément sur et 
sous-transcrits chez les trois souches résistantes. Certains gènes apparaissent sur-transcrits 
chez une souche et sous-transcrits chez une autre représentant 11,5%, 8,5% et 12% des gènes 
différentiellement transcrits chez Noexp-Perm, Fluo-Perm et Perm-Perm. La validation des 
données de puces à ADN sur 8 gènes par RT-qPCR (Figure 26) révèle une bonne corrélation 
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entre les rapports de transcription obtenus avec les deux techniques. Seul le gène CYP4J17 
montre un profil de transcription différent selon les deux techniques. 
 
Figure 26: Validation des données de puces à ADN par RT-T3&5/HVPrPHVpFKDQWLOORQVG¶$51WRWDX[RQW
été utilisés pour les deux techniques. Les rapports de transcription (souche sélectionnée/souche non sélectionnée 
± erreurs standards) de 7 CYPs, 1 GST microsomale et 1 UDP-GT sont mesurés par RT-qPCR chez les trois 
souches résistantes (barres grises) et comparés aux rapports de transcription obtenus par puce à ADN (barres 
noires). Deux gènes domestiques (RPL8 et RPS7) ont été utilisés pour la normalisation des données de RT-qPCR 
selon le protocole décrit dans les publications I et II). Pour les résultats de puces à ADN, les rapports de 




la perméthrine ont ensuite été classés en différentes catégories fonctionnelles. Au niveau 
global, la comparaison des proportions des différentes catégories fonctionnelles (Figure 27) 
ne montre pas de fortes différences entre les souches. Parmi les gènes sur-transcrits, ceux 
codant pour les enzymes de détoxication apparaissent fortement représentés chez toutes les 
souches sélectionnées (15 à 18%) comparativement à leur représentation dans le génome 
G¶Ae. aegyti (1,5%). Parmi eux, les gènes codant pour des monooxygénases à cytochrome 
P450s (gènes CYPs) et dans une moindre mesure pour des glucosyl/glucuronosyl transférases 
(UDP-GTs) sont sur-représentés comparativement aux GSTs et CCEs. Six gènes codant pour 
des hexamérines potentiellement impliquées dans le transport apparaissent sur-transcrits chez 
la souche Noexp-3HUP$O¶LQYHUVHSOXVLHXUVJqQHVLPSOLTXpVGDQVOHPpWDEROLVPHFHOOXODLUH
et hormonal sont surreprésentés chez les souches exposées aux xénobiotiques. Parmi les gènes 
sous-transcrits, de nombreux transporteurs sont surreprésentés chez les souches Fluo-Perm et 
Perm-Perm.    
 
Figure 27: Catégories fonctionnelles représentées par l¶HQVHPEOHGHV gènes significativement différentiellement 
transcrits chez chaque souche sélectionnée avec la perméthrine comparativement à la souche non-sélectionnée 
(le diagramme de Venn de la Figure 25 est symbolisé dans la légende). 
 Des différences plus claires entre les trois souches sélectionnées apparaissent en 
considérant les gènes différentiellement transcrits de manière spécifique dans chaque souche 
(Figure 28). Les six héxamérines sur-transcrites chez Noexp-Perm ne sont pas 
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différentiellement transcrites chez Fluo-Perm et Perm-Perm entraînant une surreprésentation 
des gènes impliqués dans le transport/chaperones chez Noexp-Perm. Chez Noexp-Perm, seul 
un gène de détoxication (GSTe5) est spécifiquement  sur-transcrit tandis que 10 gènes (3 
CYPs, 4 UDP-GTs, 1 GST et 1 estérase) et 5 gènes (1 CYP, 1 UDP-GT et 1 GST) sont 
spécifiquement sur-transcrites chez Fluo-Perm et Perm-Perm respectivement. Seulement 12 
gènes apparaissent significativement sous-transcrits spécifiquement chez la souche Noexp-
Perm, codant majoritairement pour des enzymes (6 gènes). A contrario, de nombreux gènes 
sont trouvés spécifiquement sous-transcrits chez les souches exposées aux xénobiotiques 
avant sélection à la perméthrine avec de fortes variations au niveau des catégories 
fonctionnelles représentées. Une proportion relativement importante de gènes sous-transcrits 
et codant pour des enzymes, incluant 5 CYPs, 3 deshydrogénases et 7 kinases/phosphatases 
est trouvée chez la souche Fluo-Perm.  Enfin, on peut noter que le gène codant pour le 
récepteur Aryl hydrocarbon Receptor (AhR) est spécifiquement sous-transcrit chez la souche 
Fluo-Perm. 
 
Figure 28: Catégories fonctionnelles représentées par les gènes différentiellement transcrits spécifiquement chez 
chaque souche sélectionnées avec la perméthrine (le diagramme de Venn de la Figure 25 est symbolisé dans la 
légende). 
 
/¶pWXGH GHV JqQHV GLIIpUHQWLHOOHPHQW WUDQVFUits au sein de plusieurs souches 
sélectionnées avec la perméthrine (Figure 29) souligne le nombre peu important de gènes 
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trouvés communément sous ou sur-transcrits chez Noexp-Perm et les deux autres souches 
exposées aux xénobiotiques (16 gènes en commun avec Fluo-Perm et 7 gènes avec Perm-
3HUP$O¶LQYHUVH OHVGHX[VRXFKHV)OXR-perm et Perm-Perm partage un nombre important 
de gènes appartenant à plusieurs catégories fonctionnelles dont les enzymes de détoxication (7 
gènes), transport/chaperone (6 gènes) et métabolisme des hormones (4 gènes). Enfin, 14 gènes 
sont communément différentiellement transcrits chez les trois souches sélectionnées. Parmi 
eux, deux CYP6 et une GST microsomale sont sur-transcrits tandis que deux autres CYP6 sont 
trouvés sous-transcrits chez toutes les souches. 
 
Figure 29: Catégories fonctionnelles représentées par les gènes différentiellement transcrits chez plusieurs 
souches sélectionnées avec la perméthrine (le diagramme de Venn de la Figure 25 est symbolisé dans la 
légende). 
/¶DQDO\VH SDU FOXVWHULQg des 29 CYPs et 18 autres gènes de détoxication 
différentiellement transcrits chez au moins une des souches sélectionnées (Figure 30) montre 
une proportion similaire entre le nombre de CYPs sur et sous-transcrits contrairement aux 
autres gènes de détoxication qui apparaissent majoritairement sur-transcrits. La plupart des 
CYPs sur-transcrits appartiennent aux familles CYP6 (9 gènes) et CYP4 (4 gènes). Parmi les 
18 autres enzymes, les transférases sont clairement surreprésentées avec 7 UDP-GTs et 3 
GSTs. Parmi les gènes significativement sur ou sous-WUDQVFULWVOHVSDWWHUQVG¶H[SUHVVLRQVRQW
majoritairement conservés entre les trois souches résistantes à ODSHUPpWKULQH$O¶LQYHUVHOHV
profils de transcription de 6 gènes (2 CYPs, 1 GST, 1 UDP-GT, 1 alcool deshydrogénase et 
une sulfotransférase) sont inversés chez Fluo-Perm et Perm-Perm. Enfin, parmi les gènes sur-
transcrits chez toutes les souches, on peut noter que plusieurs montrent des niveaux de 





Figure 30: Analyse hiérarchique des gènes de détoxication significativement différentiellement transcrits chez 
au moins une souche sélectionnée avec la perméthrine/¶DQDO\VHhiérarchique été réalisée à partir des rapports 
de transcription (souche résistante / souche sensible) sur 29 CYPs et 18 autres gènes de détoxication séparément. 
/¶pFKHOOHGHFRXOHXUDOODQWGXEOHXDXMDXQHLQGLTXHGHVUDSSRUWVGHWUDQVFULSWLRQFRPSULVHQWUH-4 et + 4 fois. 
 
3/ Discussion 
Le but de cette pWXGH pWDLW GH FRPSUHQGUH VL O¶H[SRVLWLRQ SURORQJpH de larves de 
PRXVWLTXHV j FHUWDLQV [pQRELRWLTXHV SRXYDLW LQIOXHQFHU O¶DSSDULWLRQ GH OD UpVLVWDQFH DSUqV
sélection par un insecticide et aussi si cette exposition pouvait favoriser la sélection de gènes 
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particuliers. Pour répondre à cette question, une approche de transcriptomique couplée à des 
bioessais a été menée sur trois souches de moustiques exposées ou non à deux xénobiotiques 
(perméWKULQHRXIOXRUDQWKqQHDYDQWG¶rWUHVpOHFWLRQQpHVDYHFO¶LQVHFWLFLGHSHUPHWKULQH 
 
3-1/ Résistance des souches à la perméthrine 
La première partie de cette étude consistait à déterminer par des bioessais si les trois 
souches sélectionnées avaient développé une résistance à la perméthrine. Les niveaux de 
résistance obtenus chez les trois souches (entre 1,8 et 3 fois comparé à la souche non 
VpOHFWLRQQpHVRQW UHODWLYHPHQWPRGpUpVFRPSDUDWLYHPHQWDX[QLYHDX[GpFULWVFKH]G¶DXWUHV
souches résistantes de plusieurs milliers de fois aux insecticides (Chandre et al. 1998). Dans la 
plupart de ces études, ces souches sont sélectionnées à partir de souches de terrain ayant subi 
des traitements insecticides intensifs pendant plusieurs années, possédant une diversité 
génétique plus importante et souvent une forte fréquence de mutations de la protéine cible de 
O¶LQVHFWLFLGH (Chandre et al. 1998, Hunt et al. 2005). Dans notre cas, nous avons débuté le 
processus de sélection à partir G¶XQHVRXFKHGHODERUDWRLUH ne présentant aucun mécanisme de 
résistance métabolique ni de mutation des protéines cibles des insecticides. De ce fait, les 
niveaux de résistance obtenus après seulement 10 générations de sélection sont déjà 
importants. Nous avons délibérément fait ce choix afin de focaliser notre approche sur les 
PpFDQLVPHVGHUpVLVWDQFHPpWDEROLTXHVIRUWHPHQWVXVFHSWLEOHVG¶LQWHUDJLUDYHF OHVSROOXDQWV
environnementaux (pas de mutation Kdr) et de ne pas favoriser un mécanisme de résistance 
en particulier déjà sélectionné chez une souche collectée sur le terrain. Bien que les 
différences de niveaux de résistance à la perméthrine soient faibles entre les trois souches, le 
niveau de tolérance plus faible de la souche Fluo-Perm vis-à-vis de la perméthrine est assez 
logique. En effet, la souche Fluo-Perm a subi une pression de sélection légèrement moindre 
comparée aux souches Noexp-Perm et Perm-3HUPFDUO¶H[SRVLWLRQGHVODUYHVDXIOXRUDQWKqQH
engendre une légère augmentation de leur tolérance à la perméthrine (voir chapitre II). Pour 
FRQILUPHU FH UpVXOWDW HW GpWHUPLQHU VL O¶H[SRVLWLRQ FKURQLTXH GHV ODUYHV GH PRXVWLTXHV j
FHUWDLQV SROOXDQWV SHXW UpHOOHPHQW PRGLILHU OD YLWHVVH G¶DSSDULWLRQ GH OD UpVLVWDQFH DX[
insecticides, la sélection de ces trois souches devrait être poursuivie sur plus de générations de 
sélection. Cependant, nos résultats tendent à confirmer le fait que la plasticité phénotypique 




3-2/ Etude des variations de transcription des gènes  
/¶DQDO\VH WUDQVFULSWRPLTXH D UpYpOp XQ QRPEUH EHDXFRXS SOXV LPSRUWDQW GH JqQHV
différentiellement transcrits chez les souches exposées aux xénobiotiques avant sélection (260 
et 191 gènes chez les souches Fluo-Perm et Perm-Perm) comparativement à la souche Noexp-
3HUP  JqQHV &H UpVXOWDW HVW G¶DXWDQW SOXV LQWpUHVVDQW VL RQ OH UHOLH DX[ UpVXOWDWV GHV
bioessais qui montrent un taux de résistance plus faible de Fluo-Perm par rapport aux deux 
autres souches. Parmi les gènes différentiellement transcrits, on rencontre un grand nombre de 
CYPs mais aussi de nombreux autres gènes. Ces gènes codent pour des enzymes impliquées 
dans la réponse au stress ou des transporteurs comme les transporteurs ABC impliqués dans 
O¶H[FUpWLRQ GHV [pQRELRWLTXHV (Wakabayashi et al. 2006, Labbé et al. 2011). Des gènes 
impliqués dans la réponse aux stress chimiques RQWDXVVLpWpLGHQWLILpVGDQVO¶pWXGHSUpFpGHQWH
(Publication IV) après exposition de larves de moustiques à différents polluants et 
insecticides.  
,O HVW FRQQX TXH OHV +$3V SHXYHQW V¶LQFRUSRUHU HW SHUWXUEHU OH IRQFWLRQQHPHQW GHV
membranes biologiques. De plus, ils peuvent interagir avec de multiples voies de signalisation 
cellulaires par l'induction de nombreux gènes (Owen et al. 2008). Dans les études précédentes 
3XEOLFDWLRQV , ,,, HW ,9 QRXV DYRQV PRQWUp TXH O¶H[SRVLWLRQ GH ODUYHV GH PRXVWLTXHV DX
fluoraQWKqQH SRXYDLW LQGXLUH GHV JqQHV SRWHQWLHOOHPHQW LPSOLTXpV GDQV O¶DXJPHQWDWLRQ GH
tolérance des larves à certains insecticides (gènes codant pour des protéines cuticulaires, ou 
G¶DXWUHVLPSOLTXpHVGDQVOHWUDQVSRUWOHVWUHVVHWOHVSURFHVVXVGHGpWR[LFDWLon). Ainsi, après 
pré-exposition au fluoranthène et sélection à la permethrine, de nombreux gènes apparaissent 
sur-exprimés. Cependant, ces gènes ne semblent pas (après 10 générations) conférer à la 
souche Fluo-Perm un niveau de résistance accru à la perméthrine. Ainsi, il est possible que la 
plasticité phénotypique sollicitée par la pré-exposition au fluoranthène ait « protégé » le 
génôme du processus de sélection par la perméthrine (Ghalambor et al. 2007). Il serait 
LQWpUHVVDQW GH UpDOLVHU G¶DXWUHV ELRHVVDLV DSUqV XQ QRPEUH SOXV LPSRUWDQW GH JpQpUDWLRQV GH
sélection pour vérifier cette hypothèse.  
/¶H[SRVLWLRQ GHV ODUYHV j GH IDLEOHs doses de perméthrine augmente aussi leur 
tolérance à ce même insecticide et peut aussi induire la transcription de certains gènes. 
Néanmoins, nos études précédentes (puEOLFDWLRQV,HW,9PRQWUHQWTX¶j la dose utilisée pour 
O¶H[SRVLWLRQ GRVH IDLEOH SRXU pYLWHU toute toxicité), ce composé induit beaucoup moins de 
gènes ce qui pourrait expliquer le nombre moins important de gènes retrouvés 
différentiellement transcrits chez la souche Perm-Perm en comparaison avec la souche Fluo-
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Perm. Cependant, en considérant les proportions représentées par les différentes catégories 
fonctionnelles, un patron similaire est observé entre les deux souches exposées aux 
xénobiotiques. En effet, ces deux souches présentent des similitudes au niveau des catégories 
fonctionnelles qui semblent spécifiquement sélectionnées, confirmant ainsi le fait que 
O¶H[SRVLWLRQGHV ODUYHVGHPRXVWLTXHVjFHUWDLQV[pQRELRWLTXHV peut favoriser la sélection de 
certains gènes sous la pression insecticide. De plus, même si la perméthrine et le fluoranthène 
présentent de nombreuses différences que ce soit au niveau de leurs caractéristiques 
chimiques, de leur distribution tissulaire mais aussi de leur « PRGH G¶DFWLRQ », ces patrons 
communs suggèrent que les grandes catégories fonctionnelles retrouvées sureprésentées chez 
les deux souches pourraient être liées à une réponse globale au stress chimique (Publication 
,9$LQVLLOQ¶HVWSDVH[FOXTXHODVpOHFWLRQVXUOHORQJWHUPHGHFHVJqQHVSXLVVHDYRLUXQH
influence directe ou indirecte sur la tolérance  des moustiques aux insecticides chimiques. 
 La souche Noexp-perm, non pré-exposée aux xénobiotiques, présente à la fois le 
niveau de résistance le plus important à la perméthrine et le nombre de gènes 
différentiellement transcrits le moins important. Une des différence majeur entre cette souche 
et les deux autres souches Fluo-Perm et Perm-Perm se situe dans la surrHSUpVHQWDWLRQG¶XQH
catégorie fonctionnelle impliquée dans le transport. Dans ce groupe, six hexamérines 
montrent des différences de transcription élevées comparativement à la souche non 
sélectionnée (certains gènes sont sur-WUDQVFULWVMXVTX¶jIRLV&HVHQ]\PHVDSSDUWLHQQHQWj
XQHJUDQGHIDPLOOHHQ]\PDWLTXHHWOHXUVU{OHVQHVRQWDXMRXUG¶KXLSDVWRXVpOXFLGpV. Certaines 
hexamérines se lient avec une forte affinité à de petits métabolites tels que les riboflavines où 
biliverdines (Burmester 1999) 8QH DXWUH pWXGH D GpPRQWUp OD OLDLVRQ G¶LQVHFWLFLGHV j
O¶DU\OSKRULQH TXLHVWXQHKH[DPpULQHFKH] OH OpSLGRSWqUHHeliothis zea VXJJpUDQW O¶DIILQLWp
non spécifique de cette protéine pour de petits composés organiques et le rôle potentiel des 
hexamérines dans le métabolisme des xénobiotiques (Haunerland et Bowers 1986). De plus, 
FHVSURWpLQHVSHXYHQWrWUHLPSOLTXpHVGDQVODPpWDPRUSKRVHGHO¶LQVHFWH (Tang et al. 2010). 
5pFHPPHQW XQH pWXGH D PRQWUp TXH OD V\QWKqVH G¶DU\OSKRULQH HW SRWHQWLHOOHPHQW G¶DXWUHs 
hexamérines) est régulée par la 20-hydroxyecdysone (Manohar et al. 2010). Ces protéines 
peuvent également jouer un rôle dans la formation de la cuticule (Burmester 1999). Ainsi, 
O¶DXJPHQWDWLRQ GH UpVLVWDQFH REVHUYpH FKH] OD VRXFKH 1RH[S-Perm comparativement à la 
souche non sélectionnée pourrait donc être liée au couplage de plusieurs mécanismes distincts 
comme la détoxication, la séquestration GH O¶LQVHFWLFLGH SDU OHV KH[DPpULQHV RX ELHQ j
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UpGXFWLRQ GH OD SpQpWUDWLRQ GH O¶LQVHFWLFLGH SDU pSDLVVLVVHPHQW GH OD FXWLFXOH (Vontas et al. 
2007, Djouaka et al. 2008). 
3-3/ Diversité des gènes de détoxication détectés dans les souches résistantes. 
Notre étude a révélé un très grand nombre de gènes différentiellement transcrits chez 
les souches sélectionnées avec la perméthrine. De ce fait, il est difficile de discerner les gènes 
directement ou indirectement impliqués dans la toléUDQFHjO¶LQVHFWLFLGHGHVJqQHVUpSRQGDQWj
la pré-H[SRVLWLRQDX[[pQRELRWLTXHVPDLVQ¶D\DQWSDVGHU{OHGDQVO¶DXJPHQWDWLRQGHWROpUDQFH
à la perméthrine. Cependant, les 13 gènes trouvés différentiellement transcrits chez les trois 
souches sélectionnées avec la perméthrine pourraient être directement impliqués dans la 
résistance à cet insecticide. Parmi ces gènes, trois gènes de détoxication CYP6F3, CYP6M11 
et une GST microsomale (AAEL010157-RA) sont sur-transcrits chez les trois souches 
résistantes. Les rapports de transcription de ces trois gènes semblent de plus corrélés avec les 
niveaux de résistance des trois souches soulignant leur rôle possible GDQVO¶DXJPHQWDWLRQGH
résistance à la perméthrine. Nous avons montré que le gène CYP6M11 était induit après 
exposition des larves à plusieurs xénobiotiques dont le fluoranthène et la perméthrine 
(Publications I, III, IV). Ce gène est aussi sur-transcrit chez des souches de moustiques 
résistantes aux pyréthrinoïdes (Publications VI et VII). De plus, chez An. gambiae, CYP6M2 
qui est relativement proche de CYP6M11 (66% de la séquence protéique est identique) est 
sur-transcrit plus de deux fois chez des populations résistantes aux pyréthrinoïdes (Djouaka et 
al., 2008). Plus récemment, CYP6M2 a été montré capable de métaboliser les pyréthrinoïdes 
(B. Stevenson, communication personnelle).  Les autres CYPs sur-transcrits chez au moins 
une souche sont également susceptibles de jouer un rôle dans la résistance métabolique à la 
perméthrine. CYP6AG7 par exemple qui est sur-transcrit chez Fluo-Perm et Perm-Perm a été 
pJDOHPHQW GpWHFWp FKH] XQH VRXFKH G¶Ae. aegypti résistante aux pyrethrinoïdes initialement 
collectée au Mexique (Strode et al. 2008) et est inductible par la perméthrine 
(http://funcgen.vectorbase.org/ExpressionData/gene/AAEL006989). De même, le gène 
CYP6N12, trouvé sur-transcrit chez les souches Fluo-Perm et Perm-Perm en comparaison de 
la souche non sélectionnée est induit par plusieurs composés tels que le fluoranthène et la 
perméthrine (Publications I, II, IV). De manière globale, il semble intéressant de remarquer 
que les CYPs PRQWUDQWGHERQQHVFDSDFLWpVG¶LQGXFWLRQSDUOHV[pQRELRWLTXHVVHPEOHQWDYRLU
été préférentiellement sélectionnées par la perméthrine  chez les souches exposées aux 
[pQRELRWLTXHV '¶XQH PDQLqUH JpQpUDOH OHV CYPs trouvés sur-transcrits chez au moins une 
souche appartiennent majoritairement à la famille des CYP6, famille connue pour jouer un 
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rôle important dans le métabolisme des xénobiotiques (Feyereisen 2005). '¶DXWUHV JqQHV
codant pour des GSTs (3 GSTs cytosoliques et une GST microsomale) ont été trouvés sur-
transcULWVGDQVOHVVRXFKHVUpVLVWDQWHV-XVTX¶jDXMRXUG¶KXLOHPpWDEROLVPHGHVS\UpWKULQRwGHV
SDUOHV*67VQ¶a pas été démontré mais plusieurs GSTs sont sur-transcrites chez des souches 
de moustiques résistants aux pyréthrinoïdes (Strode et al. 2008). Ces gènes pourraient être 
impliqués dans les réactions de phase II qui interviennent DSUqVO¶DFWLRQGHVCYPs. Enfin, le 
grand nombre de gènes codant pour des UDP-GT trouvés différentiellement transcrits chez les 
souches sélectionnées avec la perméthrine pourrait indiquer leur rôle dans la résistance 
métabolique à cet insecticide. Ces enzymes de phase II sont connuHVSRXUFRQMXJXHUO¶DFLGH
JOXFXURQLTXH j GH QRPEUHX[ FRPSRVpV OLSRSKLOHV PpGLFDPHQWV [pQRELRWLTXHV HWF« HW
DLQVLIDFLOLWHUOHXUH[FUpWLRQGHO¶RUJDQLVPH(Mackenzie et al. 1997, Radominska-Pandya et al. 
1999)&HVHQ]\PHVRQWSRXU O¶LQVWDQW VXUWRXWpWppWXGLpHV FKH] OHVYHUWpEUpV (Radominska-
Pandya et al. 1999, Mortensen et Arukwe 2007) et les plantes (Li et al. 2001) et mériteraient 
VDQV DXFXQ GRXWH SOXV G¶LQWpUrW FKH] OHV LQVHFWHV Comme pour les plantes, les UDP-GT 
G¶LQVHFWHV SHXYHQW XWLOLVHU O¶UDP-glucose plutôt que O¶DFLGH JOXFXURQLTXH-UDP comme 
donneur de sucres (Luque et O'Reilly 2002, Huang et al. 2008). Les activités UGT sur de 
nombreux substrats endogènes et exogènes ont été rapportées chez plusieurs espèces 
G¶LQVHFWHV (Luque et O'Reilly 2002). Les UDP-*7 RX 8*7 G¶LQVHFWHV MRXHQW XQ U{OH
important dans différents processus tels que la formation de la cuticule, la pigmentation et 
O¶ROIDFWLRQ(Huang et al. 2008). A notre connaissance, une seule étude a démontré le rôle des 
UDP-GT dans la résistance aux organophosphorés chez Heliothis virescens (Bull et Whitten 
1972). Considérant leurs capacités à conjuguer un grand nombre de substrats et à être induites 
par différents composés chimiques tels que le phénobarbital (Marie et Cresteil 1989, Plewka 
et al. 1997) G¶DXWUHV pWXGHV SOXV DSSURIRQGLHV GX U{OH SRWHQWLHO GH FHV HQ]\PHV GDQV OD
résistance aux insecticides devront être réalisées. 
Dans cette étude, nous nous sommes focalisés sur la transcription différentielle des 
JqQHVSRXU H[SOLTXHU O¶LPSDFW j ORQJ WHUPHGH FHUWDLQV[pQRELRWLTXHV DQWKURSRJpQLTXHV VXU
OHV SURFHVVXV GH VpOHFWLRQ GH OD UpVLVWDQFH j XQ LQVHFWLFLGH FKLPLTXH '¶DXWUHV SKpQRPqQHV
tels que OHVPXWDWLRQVRXELHQODVpOHFWLRQG¶DOOqOHVSDUWLFXOLHUVGpMjSUpVHQWVFKH]ODVRXFKH
initiale pourraient aussi conduire à une augmentation de la résistance des moustiques aux 
insecticides (Publication VI) (Puinean et al. 2010). Bien que seulement 10 générations de 
sélection aient été effectuées, ces  phénomènes ont pu se produire chez les trois souches 
Noexp-Perm, Fluo-Perm et Perm-3HUP3RXUpWXGLHU FHVPpFDQLVPHVG¶DGDSWDWLRQ G¶DXWUHV
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approches sont nécessaires et seront détaillées dans le Chapitre V. Cependant, notre approche 
WUDQVFULSWRPLTXH QRXV D SHUPLV GH PRQWUHU TXH O¶H[SRVLWLRQ FKURQLTXH GH SRSXODWLRns de 
PRXVWLTXHVjFHUWDLQV[pQRELRWLTXHVHVWVXVFHSWLEOHG¶DIIHFWHUOHVPpFDQLVPHVGHVpOHFWLRQGH




II/ Etude de la résistance aux insecticides des populations 
ǯAedes aegypti en Martinique (Publications VI et VII) 
 A la Martinique, la résistance aux insecticides chez Ae. aegypti a été découverte dans 
les années 80 (Yébakima 1991) puis régulièrement suivie au laboratoire par des tests 
biologiques (Rosine 1999, Etienne 2006). JuVTX¶HQ  OH SULQFLSDO ODUYLFLGH XWLOLVp pWDLW
O¶RUJDQRSKRVSKRUp WHPpSKRV DXMRXUG¶KXL DEDQGRQQp DX SURILW GX EDFWpULR-insecticide Bti. 
(QILQ OHS\UpWKULQRwGHGHOWDPpWKULQHFRQVWLWXH OD VHXOHPROpFXOHXWLOLVpH DXMRXUG¶KXLFRQWUH
les adultes en milieu apULHQ $XMRXUG¶KXL OHV SRSXODWLRQV G¶Ae. aegypti de la Martinique 
présentent de forts niveaux de résistance à la deltaméthrine et au téméphos mais les 
PpFDQLVPHVDVVRFLpVjFHVUpVLVWDQFHVRQWUHVWpVMXVTX¶jDXMRXUG¶KXLSHXpWXGLpV'DQVOHEXW
G¶pODERUHU GH QRXYHOOHV VWUDWpJLHV GH OXWWH DGDSWpHV DX FRQtexte martiniquais, une 
FRQQDLVVDQFHSOXVDSSURIRQGLHGH FHVPpFDQLVPHVDLQVLTXHGHV IDFWHXUVj O¶RULJLQHGH OHXU
sélection dans cette île apparaît importante. Parmi les différents facteurs étudiés, outre la 
pression insecticide due aux interventions de dpPRXVWLFDWLRQ O¶HQYLURQQHPHQW FKLPLTXH D
également été pris en compte. 
 
 ?Ȁ   ±  ± ǯ  ǯ
aegypti de la Martinique (Publication VI). 
 
 &HWWH pWXGH YLVDLW j pWXGLHU XQH SRSXODWLRQ G¶Ae. aegypti échantillonnée dans la 
FRPPXQHGH9DXFOLQjO¶(VWGHO¶vOHHWSUpVHQWDQWXQ taux de résistance assez élevé vis-à-vis 
de différents insecticides chimiques. La caractérisation de cette population a été menée à 
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différents niveaux biologiques avec des techniques variées allant de la toxicologie (bioessais) 
j OD WUDQVFULSWRPLTXH HW O¶pWXGH GH FHUWDLQHV PXWDWLRQV HQ SDVVDQW SDU OD ELRFKLPLH GHV
enzymes de détoxication.  
 Les bioessais sur larves révèlent de très fort taux de résistance de la souche Vauclin 
(individus F1 élevés au laboratoire) vis-à-vis du téméphos par rapport à la souche sensible 
Bora-Bora (Ratio de résistance pour 95% de mortalité (RR95) GHO¶RUGUHGH/HVWHVWVHQ
applications topiques sur femelles montrent également une forte résistance à la deltaméthrine 
(RR95    /¶effet GHV LQKLELWHXUV G¶HQ]\PHV GH GpWR[LFDWLRQ 3%2 '() HW '0&, 
respectivement inhibiteurs des CYPs, GSTs et CCEs, VXJJqUHQWTX¶XQHSDUW LPSRUWDQWHGHV
QLYHDX[ GH UpVLVWDQFH REVHUYpV SHXW rWUH G¶RULJLQH PpWDEROLTXH CYPs et CCEs 
majoritairement pour le téméphos et CYPs et GSTs pour la deltaméthrine). Des tests 
biochimiques menés au LECA corroborent cette hypothèse en montrant des activités globales 
P450s (ECOD), GSTs (CDNB) et CCEs (naphtyl acétate) plus élevées chez les larves et 
adultes de la souche Vauclin que chez la souche sensible.  
 $XQLYHDXPROpFXODLUHOHVpTXHQoDJHG¶XQHSDUWLHGXFDQDOVRGLXPPHWHQpYLGHQFHOD
présence de la mutation Kdr V1016I (Valine remplacée par une Isoleucine en position 1016) à 
la fréquence allélique de 71% confirmant la distribution très large de cette mutation aux 
Caraïbes et en Amérique du Sud (Saavedra-Rodriguez et al. 2007) et suggérant que les forts 
niveaux de résistance aux pyréthrinoïdes sont aussi liés à une mutation au niveau des canaux 
sodium voltage-GpSHQGDQW/HVPXWDWLRQVGH O¶DFpW\OFKROLQHVWpUDVH$FKH*6HW)9
Q¶RQW SDV pWp GpWHFWpHV FKH] 9DXFOLQ VXJJpUDQW TXH OD UpVLVWDQFH REVHUYpH DX WpPpSKRV HVW
probablement G¶RULJLQHPpWDEROLTXH 
 $ILQG¶LGHQWLILHUOHVJqQHVGHGpWR[LFDWLRQSRWHQWLellement impliqués dans la résistance 
HQ0DUWLQLTXHO¶H[SUHVVLRQGHVJqQHVGHGpWR[LFDWLRQGHODVRXFKH9DXFOLQDpWpFRPSDUpHj
la souche Bora-Bora grâce à la puce « Aedes detox chip ªGpYHORSSpHjO¶pFROHGHPpGHFLQH
tropicale de Liverpool (cf Chapitre ,,SDUWLH&HWWHpWXGHDSHUPLVG¶LGHQWLILHUHWJqQHV
de détoxication sur-transcrits chez les larves et adultes Vauclin comparativement à la souche 
sensible Bora-Bora. La majorité de ces gènes codent pour des CYPs (CYP6Z6, CYP6M6, 
CYP6M10, CYP6M11, CYP9J22, CYP9J23, CYP6CB2, CYP6BB2, CYP9M9, CYP6AA5, 
CYP4D23 et CYP4J15). Deux gènes codant pour une GST (GSTe7) et une CCE (CCEae3A) 
sont également sur-transcrits chez Vauclin. Précédemment, nous avons montré que la 
transcription des gènes CYP6M6 et CYP6M11 était induite par différents xénobiotiques 
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(Chapitre II, Publication I, II et IV) tandis que CYP6Z6 est le gène le plus proche de CYP6Z8, 
gène également inductible par plusieurs xénobiotiques. Cela conforte le rôle potentiel de ces 
gènes dans le métabolisme des insecticides. 
 Globalement, cette étude a permis de mettre en évidence une résistance multiple chez 
la souche Vauclin qui se traduit par une efficacité moindre des traitements insecticides sur le 
WHUUDLQ/D0DUWLQLTXHHVWDXF°XUGHJUDYHVSroblèmes environnementaux notamment liés à 
la forte contamination des sols et des eaux par un insecticide organochloré fortement utilisé 
PDLVLQWHUGLWDXMRXUG¶KXL : le Chlordécone (Bocquene et Franco 2005). Nos résultats soulèvent 
ODTXHVWLRQGXSRVVLEOHLPSDFWGHVUpVLGXVGHSHVWLFLGHVGDQVO¶HQYLURQQHPHQWVXUO¶DSSDULWLRQ
des mécanismes de résistance des populations de moustique, qui sera étudiée plus en détail 
dans le paragraphe suivant. 
 
2/ Etude de la résistance aux insecticides de différentes populations 
ǯAedes aegypti en Martinique : Distribution, mécanismes et relation 
avec les facteurs environnementaux (Publication VII). 
 &HWWHpWXGHV¶LQVFULWGDQVODFRQWLQXLWpGHO¶pWXGHSUpFpGHQte en étudiant cette fois les 
mécanismes de résistances chez des individus F1 élevés au laboratoire et issus de plusieurs 
SRSXODWLRQV GLVWLQFWHV G¶Ae. aegypti échantillonnées en Martinique. Toutes les données 
obtenues (niveaux de résistance, niveau de transcription des gènes étudiés, fréquence des 
PXWDWLRQVKLVWRULTXHGHVWUDLWHPHQWVDLQVLTXHG¶DXWUHVGRQQpHVHQYLURQQHPHQWDOHVWHOOHVTXH
les usages agricoles, le degré de pollution chimique aux organochlorés, etc., ont également été 
soumises à une analyse en composante principale (ACP). 
 Les études toxicologiques par bio-essais révèlent une faible résistance constitutive  des 
9 populations testées vis-à-vis du bioinsecticide Bti. Par contre, ces populations présentent des 
niveaux de résistance hétérogènes vis-à-vis des insecticides téméphos (RR95 allant de 26 à 153 
par rapport à la souche sensible Bora-Bora) et deltaméthrine (RR95 allant de 5 à 12 par rapport 
à la souche Bora-Bora), ce qui semble relativement étonnant pour un milieu insulaire de cette 
taille. 
 Au niveau biochimique, des niveaux significativement élevés mais aussi hétérogènes 
G¶DFWLYLWpVJOREDOHV3V*67VHW&&(VVRQWWURXYpVFKH]OHVQHXISRSXODWLRQVFRPSDUpjOD
souche Bora-Bora.  
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 Toutes les souches présentent des taux importants de mutation kdr (fréquences de 
O¶DOOqOH UpVLVWDQW WRXWHV VXSpULHXUHV j ,87). Concernant la résistance aux organochlorés, les 
H[SpULPHQWDWLRQV Q¶RQW SDV PLV HQ pYLGHQFH GH UpVLVWDQFH OLpe à la mutation de 
O¶$FpW\OFKROLQHVWpUDVHPXWDWLRQVG119S et F290V). 
 Les niveaux de transcription de 11 enzymes de détoxication (6 CYPs, 3 GSTs, 1 
estérase) et deux cofacteurs des CYPs (la NADPH cytochrome P450 réductase et le 
cytochrome b5), choisis pour leur rôle potentiel dans la métabolisation des xénobiotiques et 
insecticides ont été mesurés par RT-qPCR au LECA sur larves et adultes. Les niveaux de 
transcription mesurés chez les populations de la Martinique présentent de fortes 
hétérogénéités en comparaison avec les souches sensibles Bora-Bora et SBE originaire du 
Bénin. Chez les larves,  certains gènes comme CYP6Z6, CYP6Z8, CYP6M11, CYP9M9 et 
GSTE2 sont retrouvés fréquemment sur-transcrits chez les populations de la Martinique. Le 
gène codant pour la carboxylestérase CCEae3a est aussi sur-transcrit dans toutes les 
populations martiniquaises. Chez les adultes, ce sont les gènes CYP6Z6, CYP6Z8, CYP9J22, 
CYP9M9, CPR, GSTE2 et GSTE7 qui sont fréquemment sur-transcrits chez les populations de 
la Martinique. Le gène CCEae3a est également sur-transcrit chez les adultes. 
/¶$&3 PRQWUH XQH DEVHQFH GH FRUUpODWLRQ HQWUH O¶XWLOLVDWLRQ G¶LQVHFWLFLGHV HQ
agriculture et les niveaux de résistance des souches de moustiques à la deltaméthrine tandis 
TX¶LO \ DXQHFRUUpODWLRQDYHF OHVQLYHDX[GH UpVLVWDQFHDX WpPpSKRV Des liens significatifs 
DSSDUDLVVHQW HQWUH O¶XUEDQLVDWLRQ OHV WUDLWHPHQWV j OD deltaméthrine et la fréquence de la 
mutation kdr sans toutefois que ceux-ci soient significativement corrélés avec le phénotype de 
résistance (RR50) à la deltaméthrine. En revanche, la surexpression de plusieurs gènes de 
détoxification est significativement corrélée à la résistance à la deltaméthrine (gènes CYP6Zs 
et GSTs) et au temephos (gènes CCEae3A, CYP6M et CYP9M11), confirmant le rôle possible 
de ces gènes dans la résistance métabolique à la Martinique. 
 Globalement, cette étude a montré une certaine hétérogénéité des niveaux de 
résistance aux LQVHFWLFLGHV FKLPLTXHV GHV SRSXODWLRQV G¶Ae. aegypti à la Martinique. La 
résistance aux pyréthrinoïdes semble liée à la présence de la mutation kdr mais aussi 
vraisemblablement à la sur-H[SUHVVLRQG¶HQ]\PHVGHGpWR[LFDWLRQ&RQFHUQDQW OH WpPpSKRV
aucune mXWDWLRQ GH O¶DFpW\OFKROLQH HVWpUDVH Q¶D pWp PLVH HQ pYLGHQFH WDQGLV TXH OD VXU-
H[SUHVVLRQ G¶XQH HVWpUDVH FKH] O¶HQVHPEOH GHV SRSXODWLRQV pWXGLpHV VHPEOH FRQILUPHU OD
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Background: The control of mosquitoes transmitting infectious diseases relies mainly on 
the use of chemical insecticides. However, the emergence of insecticide resistance threatens 
mosquito control programs. Until now, most research efforts have been focused on 
elucidating resistance mechanisms caused by insecticide selection pressure. Less attention has 
been paid to mosquito chemical environment of mosquitoes which could have an impact on 
the selection of insecticide resistance mechanisms. Here the mosquito Aedes aegypti was used 
as a model to perform a laboratory experiment combining mosquito larvae exposure to a sub-
lethal dose of xenobiotic and their selection with the insecticide permethrin. After ten 
generations, bioassays and a transcriptome profiling with a 15K microarray were performed 
comparatively on all strains. 
Results: The three permethrin-selected strains showed a significant increase of insecticide 
resistance comparatively to the susceptible parental strain. Microarray analysis allowed to 
detect over 13000 transcripts in each selected-strain and revealed that the transcription of 
many genes was affected by insecticide selection. Exposing larvae to a sub-lethal dose of the 
pollutant fluoranthene or the insecticide permethrin prior to selection at each generation 
affected the selection of several genes, including those involved in detoxification, transport 
and cell metabolism. Genes potentially involved in permethrin resistance and inherited cross-
effects between xenobiotic exposure and insecticide selection were identified. 
Conclusions:  The present study investigated for the first time the inherited cross-effects 
between PRVTXLWRHV¶ chemical environment and insecticide selection in controlled conditions. 
Our experimental design allowed us to demonstrate that sub-lethal exposure of mosquitoes to 
xenobiotics affect the insecticide-driven selection of their transcriptome. Despite minor effect 
on insecticide resistance levels after few generations, our results suggest that insect chemical 
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Mosquitoes are vectors of several major human diseases such as malaria, dengue fever 
and filariasis [1, 2]. During the last decades, chemical insecticides have been massively used 
to limit their proliferation but their efficiency is now threatened by resistance mechanisms 
developed by insects. Target-site mutation and metabolic resistance are known as the two 
main physiological insecticide resistance mechanisms in mosquitoes [3]. Target-site 
resistance consists of non synonymous mutations occurring in the proteins targeted by 
insecticides. Metabolic resistance is caused by an increased metabolism of the insecticide 
molecule by the insect and is usually associated to detoxification enzymes such as cytochrome 
P450 monooxygenases (P450s or CYPs for genes), carboxy/cholinesterases (CCEs) and 
glutathione S-transferases (GSTs) [3-6]. The rapid expansion and diversification of these 
enzyme families in insects is thought to be the consequence of their adaptation to a broad 
range of natural xenobiotics found in their environment [7-9]. Today, metabolic resistance of 
mosquitoes to chemical insecticides has been reported worldwide and several studies have 
described the over-production of detoxification enzymes in field or laboratory populations 
under insecticide selective pressure [10-13]. More recently, the ability of particular mosquito 
detoxification enzymes such as epsilon GSTs and few P450s belonging to the CYP6 family to 
metabolize chemical insecticides has been demonstrated [6, 14-17] 
Hitherto, most molecular studies focused on characterizing insecticide resistance 
mechanisms in regard with the strong selection pressure caused by insecticides while less 
attention has been paid to the impact of anthropogenic xenobiotics found in environment on 
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the capacity of mosquitoes to resist insecticides. Considering the ability of detoxification 
enzymes to respond to xenobiotics exposure by induction/repression mechanisms [8, 18], 
interactions between the presence of xenobiotics in mosquito environment and their tolerance 
to chemical insecticides through detoxification or other metabolic mechanisms is likely. 
Several studies showed that exposing insects to natural or anthropogenic xenobiotics 
could affect their tolerance to insecticides. Exposing larvae of the corn earworm Helicoverpa 
zea to the plant toxin xanthotoxin lead to an increased tolerance to the pyrethroid insecticide 
Į-cypermethrin linked to an increased transcription of P450s [19, 20]. In Drosophila, [18] 
showed that the barbiturate phenobarbital and the herbicide atrazine induce the transcription 
of various detoxification enzymes, including those previously associated with metabolic 
resistance to chemical insecticides. In mosquitoes, exposing Aedes albopictus larvae to 
benzothiazole (a major leachate compound of automobile tires) and pentachlorophenol (a 
wood-protecting agent) increase their tolerance to different chemical insecticides such as 
carbaryl, rotenone and temephos. This increased tolerance was then correlated with an 
induction of P450 activities [21].More recently, we demonstrated that Aedes aegypti larvae 
exposed to sub-lethal doses of different xenobiotics including herbicides, insecticides, heavy 
metals and polycyclic aromatic hydrocarbons displayed an increased tolerance to multiple 
insecticides together with an induction of several genes encoding detoxification enzymes [22, 
23]. A further study confirmed that CYP genes induced by anthropogenic xenobiotics are 
close to those known to metabolize insecticides in other mosquito species and are 
preferentially transcribed in tissues classically involved in xenobiotic metabolism [24]. 
Although the role of detoxification enzymes in cross-response mechanisms between 
environmental xenobiotics and insecticides is likely, other genes may also be involved in such 
interactions. By using a whole transcriptome approach based on the sequencing of millions 
cDNA tags, we recently showed that exposing Ae. aegypti larvae to sub-lethal doses of 
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various xenobiotics and insecticides affect the transcription of several other gene families 
coding for various enzymes, cuticular proteins and transporters [25]. 
These studies evidenced the short term impact of xenobiotics on mosquito tolerance to 
insecticides and started to investigate the molecular mechanisms involved. However, 
considering the persistent contamination of wetlands by anthropogenic chemicals and the 
potential effect of phenotypic plasticity on selection processes [26], the long term impact of 
pollutants on the selection of insecticide resistance mechanisms is still ambiguous. Recent 
studies using natural mosquito populations pointed out the possible role of pollutants and 
pesticides used in agriculture in the selection of insecticide resistance mechanisms. In 2008, 
[27] evidenced the impact of pesticides used on cotton crops on the level of pyrethroid 
resistance and metabolic resistance mechanisms of An. arabiensis in Cameroon. By 
evaluating insecticide resistance levels of several Anopheles populations across 3 african 
countries, [28] suggested that the high insecticide resistance levels observed in several 
populations could be explained by the use of pesticides in agriculture. Another study 
highlighted the potential impact of insecticides used in an improper manner in agriculture on 
the emergence of insecticide resistance in malaria vectors [29]. By investigating molecular 
resistance mechanism in An. gambiae populations collected from urban, agricultural and 
polluted breeding sites from Nigeria and Benin, [11] pointed out the potential role of 
environmental xenobiotics in the selection of insecticide resistance mechanisms. Despite these 
evidences, the complex interactions between the phenotypic plasticity induced by xenobiotic 
exposure and the selection of insecticide resistance mechanisms remain unclear. 
In this context, the present study aims at investigating the impact of xenobiotic 
exposure on the insecticide-driven selection of insecticide resistance mechanisms in 
mosquitoes. In order to limit factors affecting selection processes and avoid field-sampling 
bias, we opted for a laboratory approach combining the selection of mosquitoes with an 
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insecticide and their exposure to xenobiotics. An Ae. aegypti strain susceptible to all 
insecticides was used as a parental strain to select three different strains with the pyrethroid 
insecticide permethrin at the larval stage. At each generation, larvae of one strain were not 
exposed to any xenobiotic (Noexp-Perm strain), while larvae of the two other strains were 
exposed for 3 days prior selection to a sub-lethal dose of permethrin (Perm-Perm strain) or to 
the polycyclic aromatic hydrocarbon pollutant fluoranthene (Fluo-Perm strain). After several 
generations of selection, comparative larval bioassays were performed with permethrin to 
compare the tolerance level of each strain to the insecticide. A comparative quantitative 
transcriptome analysis was then performed between larvae of the susceptible strain and each 
selected strain by using a DNA microarray representing over 14000 Ae. aegypti transcripts. 
Results are then discussed regarding the impact of mosquito chemical environment on the 




After 10 generations of selection with the insecticide permethrin, bioassays revealed 
that larvae of the three selected strains showed a constitutive increased tolerance to 
permethrin (Figure 1). This increased tolerance was moderate but significant for each selected 
strain with 3.0-fold, 1.8-fold and 2.4-fold for the strains Noexp-Perm, Fluo-Perm and Perm-
Perm respectively. Within selected strains, comparison of LC50 and their confidence intervals 
revealed no significant differences of tolerance between the two strains Noexp-Perm and 
Perm-Perm while the Fluo-Perm strain appeared slightly less tolerant to permethrin. 
Microarray analysis allowed quantifying the transcription level of more than 13500 
genes in each permethrin-selected strain comparatively with the parental susceptible strain 
(Table 1). In the Noexp-Perm strain not exposed to any xenobiotic prior to selection, only 80 
transcripts (0.51%) were significantly differentially transcribed (>1.5-fold in either direction 
and corrected P-value <0.01). More genes were differentially transcribed in the two strains 
exposed to a sub-lethal dose of xenobiotic before permethrin selection with 260 genes 
(1.71%) and 191 genes (1.21%) for Fluo-Perm and Perm-Perm strains respectively. For each 
strain, distribution of transcription ratios was well balanced between under- and over-
transcription with most ratios being within a 10-fold variation in either direction (not shown). 
Several genes were significantly differentially transcribed in multiple strains (Figure 2). 
Among them, the majority were found in the two strains exposed to xenobiotics, while only 
few genes were shared with the Noexp-Perm strain. Only 8 and 6 genes were significantly 
over- and under-transcribed in all strains respectively. Finally, several genes were over-
transcribed in one strain and under-transcribed in another strain or reciprocally, representing 
8% to 12% of genes differentially transcribed in each strain. Validation of microarray data on 
8 selected genes by qRT-PCR revealed a relatively good correlation between transcription 
137 
 
ratios obtained by the two techniques with only one gene showing significant discrepancies 
(Additional file 1: Suppl. Figure 1). 
Comparison of the proportion of gene functions found differentially transcribed did 
not reveal strong differences between strains (Figure 3 and additional file 2: Suppl.Table 1). 
Among over-transcribed genes, those encoding detoxification enzymes appeared strongly 
over-represented in all permethrin selected strains (15 to 18 %) comparatively to their 
representation in Ae. aegypti genome (1.5 %) with over-transcription levels up to 3.5-fold, 
8.5-fold and 4.7-fold in Noexp-Perm, Fluo-Perm and Perm-Perm strains respectively. Among 
them, cytochrome P450 monooxygenases (P450s or CYPs for genes) and in a lesser extent 
UDP-glucosyl/glucuronosyl transferases (UDPGTs) were well represented compared to 
glutathione S-transferases (GSTs) and carboxy/cholinesterases (CCEs). Genes potentially 
involved in transport were over-represented in the Noexp-Perm strain with six of them 
encoding hexamerins associated to high over-transcription levels (up to 43-fold). Conversely, 
genes involved in cell and hormone metabolism were over-represented in the two strains 
exposed to xenobiotics before permethrin selection. Among genes under-transcribed, several 
transporters of various types were over-represented in the strains exposed to xenobiotics 
comparatively to the Noexp-Perm strain. 
When considering genes differentially transcribed in each strain specifically (Figure 4 
and additional file 2: Suppl.Table 1), differences between strains become more apparent. The 
six hexamerins over-transcribed in the Noexp-Perm strain were not found differentially 
transcribed in the two other strains, leading to a higher proportion of transport/chaperonin 
genes. Among detoxification genes, only 1 gene (GSTE5) was found specifically over-
transcribed in the Noexp-Perm strain, while 10 genes (3 CYPs, 4 UDPGTs, 1 GST and 1 
esterase and 1 epoxyde hydrolase) and 5 genes (1 CYP, 2 UDPGT, 1 GST and 1 alanine 
aminotransferase) were over-transcribed specifically in the Fluo-Perm and Perm-Perm strains 
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respectively. Only 12 genes were specifically down-regulated in the Noexp-Perm strain, 
mainly represented by enzymes. Conversely numerous genes were specifically down-
regulated in the two strains exposed to xenobiotics before permethrin selection, with marked 
differences between them. A larger proportion of enzymes was under-transcribed in the Fluo-
Perm strain, including 5 CYPs, 3 dehydrogenases and 7 kinases/phosphatases.  
Investigating genes differentially transcribed in multiple strains (Figure 5 and 
additional file 2: Suppl.Table 1) evidenced the low number of genes over- or under-
transcribed in the Noexp strain and the two other strains exposed to xenobiotics (16 genes 
with Fluo-Perm and 7 genes with Perm-Perm). Conversely, the two strains Fluo-Perm and 
Perm-Perm shared several genes belonging to various categories including a good proportion 
of detoxification enzymes, transporters/chaperonins and several genes involved in cell or 
hormone metabolism. Finally, only 14 genes were significantly differentially transcribed in all 
strains. Among them, 2 CYP6s (CYP6M11 and CYP6F3) and the 1 microsomal GST 
AAEL010157 were over-transcribed while 2 other CYP6s (CYP6Z6 and CYP6M9) were 
under-transcribed. 
Clustering analysis of the 29 P450s and 18 other detoxification enzymes differentially 
transcribed in at least one strain (Figure 6) revealed a similar proportion of P450s over- and 
under-transcribed in permethrin-selected strains while most other detoxification enzymes 
were over-transcribed. Most over-transcribed P450s belong to the CYP6 and CYP4 families, 
with over-transcription ratios up to 3.5-fold, 8.5-fold and 4.7-fold for Noexp-Perm, Fluo-Perm 
and Perm-Perm strains respectively. Among other detoxification enzymes, transferases were 
clearly over-represented (7 UDPGTs and 3 GSTs) with up to 3.7-fold over-transcription. The 
transcription patterns of most detoxification genes were conserved between the three 
permethrin-selected strains although more significant transcription ratios were observed in 
both strain exposed to xenobiotics. Among over-transcribed genes, several showed increased 
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transcription ratios in the two xenobiotic-exposed strains comparatively to the Noexp-Perm 
strain. Although not significant in all conditions, the transcription patterns of 6 genes 
(CYP325Y3, CYP4G35, GSTE5, the UDPGT AAEL014244, the suflotransferase 
AAEL006338 and the alcohol dehydrogenase AAEL011130) were inverted in strains exposed 
to xenobiotic compared to the Noexp-Perm strain. 
 
Discussion 
The aim of the present study was to investigate the impact of mosquito larvae 
exposure to xenobiotics on the selection of permethrin resistance and if such exposure could 
favor the selection of particular genes. To answer this question, a laboratory study combining 
larval exposures with a sub-lethal dose of the pollutant fluoranthene or the insecticide 
permethrin and selection with permethrin was conducted for several generations. Then, 
bioassays and microarray analyses were conducted to compare resistance levels and gene 
transcription variations between the different strains. 
Impact of xenobiotic exposure on the level of inherited permethrin resistance 
After 10 generations of selection, bioassays revealed an increased constitutive larval 
resistance of the three permethrin-selected strains comparatively to the parental strain, with 
significant resistance levels from 1.8-fold to 3.0-fold. Although resistance levels appear low 
regarding those reported in natural mosquito populations [12, 13], they are not negligible 
considering the few generations of selection and the fact that the parental strain is fully 
susceptible to insecticides and does not possess any resistance mechanisms. The choice to 
start from a fully susceptible strain was made in order to avoid putative resistance 
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mechanisms already present in field populations and to focus on metabolic changes likely to 
generate cross-responses between insecticides and environmental xenobiotics rather than 
target-site mutations. Moreover, no Kdr target-site mutation, involved in pyrethroid resistance 
[30, 31], was detected in our three resistant strains (DNA samples were extracted from pools 
of 50 larvae for each strain) following the protocol of [32] (Data not shown). These results 
suggest that metabolic pyrethroid resistance can arise relatively quickly in mosquito 
populations submitted to repeated insecticide treatments, possibly due to the selection of allele 
combinations initially present in the susceptible population. 
The lower resistance level of the Fluo-perm strain exposed to the PAH fluoranthene 
prior to permethrin selection (1.8-fold comparatively to 3-fold for the Noexp-Perm strain) 
may lead to the conclusion that larval exposure to this pollutant delay the emergence of 
pyrethroid resistance. However, this lower resistant level is probably rather due to the slightly 
higher permethrin tolerance of larvae exposed to this pollutant due to phenotypic plasticity 
[22, 23], leading to a lower insecticide selection pressure on this strain. Because of 
experimental constraints, we made the choice not to adapt the dose of permethrin used for 
selection between the different strains to obtain identical mortality rates. Consequently, the 
impact of larval xenobiotic exposure on the level of inherited resistance to permethrin is still 
unclear. However, our transcriptomic results suggest that the selection of several genes is 
affected by xenobiotic exposure. Prolonging the selection process for further generations and 
adjusting permethrin doses to obtain an identical selection pressure in each strain will provide 
more answers to the impact of xenobiotics on the level of inherited resistance to insecticides. 
Performing additional bioassays with other insecticides from different chemical families will 




Gene transcription variations selected by insecticide in different chemical 
environments 
After 10 generations of selection with permethrin, a transcriptome profiling of each 
strain was performed at the larval stage comparatively to the parental susceptible strain by 
using a DNA microarray approach. This analysis revealed a higher number of genes 
differentially transcribed in the two strains exposed to xenobiotics Fluo-Perm and Perm-Perm 
comparatively to the Noexp-Perm strain. This striking difference was neither related to the 
number of transcripts detected in each strain nor to the ratio between over- and under-
transcribed genes, suggesting the absence of technical bias. These results confirm that 
exposing larvae to a sub-lethal dose of xenobiotic prior to their selection with an insecticide 
for multiple generations affect the constitutive transcription level of several genes. 
A high proportion of genes encoding detoxification enzymes were differentially 
transcribed in all selected strains comparatively to their proportion in Ae. aegypti genome. 
Several of them were specifically over-transcribed in the two strains exposed to a sub-lethal 
dose of fluoranthene (Fluo-Perm) or permethrin (Perm-Perm) prior to permethrin selection. 
Among them, our study clearly revealed an over-representation of P450s and UDP-
glucosyl/glucuronosyl transferases (UDPGTs). Although P450s and GSTs have been 
frequently involved in the resistance of various insects to insecticides [3] [5] and see below), 
only one study has pointed out the possible role of UDPGTs in resistance of insects to 
insecticides [33]. Like in plants, insect UDPGTs use UDP-glucose rather than UDP-
glucuronic acid as a sugar donor to conjugate various substrates [34]. UDPGT activities have 
been reported in a wide range of insect species [34] and their inducibility by numerous 
xenobiotics has been described [35, 36]. Although these enzymes can be involved in several 
biological processes in insects including cuticle formation, pigmentation and olfaction, their 
role in phase II insecticide detoxification requires further attention. 
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Several genes encoding P450s and GSTs were over-transcribed in permethrin-selected 
strains. Among them, several were previously shown over-transcribed in insecticide resistant 
mosquito populations or induced by xenobiotics. CYP6M11 was significantly over-transcribed 
in all permethrin-selected strains with transcription ratio between 1.7 to 2-fold.  Induction of 
this gene in larvae by several chemicals such as the PAH fluoranthene, the insecticide 
permethrin and copper sulfate has been demonstrated [22, 24, 25, 34]. This gene was also 
found constitutively over-transcribed more than 2.5-fold in Ae. aegypti adults from 
Martinique island resistant to pyrethroids [12]. In Anopheles gambiae, CYP6M2 was found 
over transcribed in three pyrethroid-resistant populations from Nigeria [11]. Recently the 
capacity of this enzyme to metabolize pyrethroids has been demonstrated (Paine M. personal 
communication). Interestingly CYP6M10 was also found upregulated in permethrin-selected 
strains while CYP6M9 and CYP6M5 were both downregulated. CYP6F3 was also found 
significantly over-transcribed in all selected strains, suggesting a possible role in permethrin 
metabolism. In the mosquito Culex pipiens quinquefasciatus, increased transcription of 
CYP6F1 was previously associated with resistance to pyrethroids [37]. Several other CYPs 
from 4, 6 and 9 families were found over-transcribed in one or multiple permethrin-selected 
strain and may contribute to permethrin metabolism. Among them, some were previously 
found constitutively over-transcribed in pyrethroid-resistant Aedes populations and/or induced 
by xenobiotics [22, 23, 38]. Concerning GSTs, GSTE5, GSTE6 and GSTD4 and the 
microsomal GST AAEL010157 were all found over-transcribed in one or multiple 
permethrin-resistant strains. GSTs have been frequently involved in insecticide resistance in 
mosquitoes and are often inducible [39]. Although their role in the direct metabolism of 
pyrethroids remains unclear, these enzymes can participate in dehydrochlorination reactions 
or in the conjugation of reduced glutathione to various substrates [6]. It has also been 
suggested that GSTs could have a role in pyrethroid sequestration [40] or in the prevention of 
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oxidative damage induced by insecticides [41]. Esterases have also been involved in 
pyrethroid metabolism [3]. In our dataset, only one alpha-esterase (AAEL015578), not 
previously associated with insecticide resistance, was found significantly over-transcribed in 
the Fluo-Perm strain. Finally, other enzymes potentially involved in detoxification such as 
alanine aminotransferases, epoxide hydrolases, shortchain dehydrogenases and alcohol 
dehydrogenases were over-transcribed in permethrin-resistant strains and could contribute to 
the observed resistance level. As an increasing number of mosquito detoxification enzymes 
are being purified and their ability to metabolize insecticides assessed, the impact of the 
selection of particular detoxification enzymes as a consequence of xenobiotic exposure on 
insecticide resistance will be clarified. 
Altered insecticide penetration or transport can also contribute to insecticide tolerance. 
Several hexamerins were over-transcribed in the Noexp-Perm strain with high transcription 
ratios. Although their role is not fully elucidated, hexamerins can bind small organic 
metabolites with high affinity [42]. One study evidenced the binding of insecticides to the 
arylphorin of Heliothis zea, suggesting its non-specific affinity for small organic compounds 
and the putative role of hexamerins in xenobiotic response [43]. Moreover, these proteins may 
also be involved in cuticle formation and metamorphosis [42, 44]. It has been suggested that 
mosquitoes may protect themselves from insecticides by cuticular protein thickening leading 
to a reduction of insecticide penetration [11, 25, 45]. However, only one gene encoding a 
cuticular protein was found differentially transcribed in our permethrin-resistant strains (1.58-
fold upregulated in Fluo-Perm strain), suggesting that this mechanism does not contribute to 





Cross-effects between sub-lethal xenobiotic exposure and insecticide selection 
Distinction between genes directly involved in permethrin resistance from those 
responding to xenobiotic pre-exposure without any implication in insecticide resistance is not 
trivial. However, our experimental design allowed us to clearly evidence the impact of the 
phenotypic plasticity induced by mosquito larvae exposure to a sub lethal dose of an organic 
pollutant or the insecticide on the selection pressure caused by the insecticide. Although our 
bioassays did not demonstrate a significant impact of xenobiotic exposure on constitutive 
resistance levels after few generations of selection, the transcriptome variations observed on 
protein families frequently involved in xenobiotic metabolism suggest that an effect at a 
longer time scale is probable. The functional validation of the role of genes identified in the 
present study in insecticide resistance and xenobiotic response will provide a better view of 
the impact of insect chemical environment on the selection of insecticide resistance 
mechanisms. 
Interactions between phenotypic plasticity induced by environmental changes and 
adaptive evolutionary processes such as natural selection are complex phenomena constantly 
occurring in natural environments. Theoretically, phenotypic plasticity can shield genotypes 
from selective pressures but can also favor their modification depending on the ecological and 
demographic context [26]. In nematodes, it has been shown that by applying a realistic heat 
stress to both uncontaminated and polluted systems, the specimens from polluted environment 
showed a stronger response [46]. As mosquito larvae are frequently found in xenobiotic-rich 
water bodies, the modulation of their adaptive mechanisms to insecticides by natural or 
anthropogenic chemicals is likely. In addition to cross-resistance events probably occurring 
between pesticides used in agriculture and insecticides used for vector control [28, 29], the 
effect of complex mixtures of pesticide residues, anthropogenic pollutants and natural 




 The present study represents a first attempt to decipher the complex interactions 
EHWZHHQSKHQRW\SLFSODVWLFLW\LQGXFHGE\PRVTXLWRHV¶FKHPLFDOHQYLURQPHQWDQGWKHLUDELOLW\
to develop inherited resistance mechanisms to insecticides. We focused on quantitative 
transcriptome variations as the selection of particular alleles leading to altered gene 
expression is known to confer a higher tolerance to insecticides. Other genomic changes such 
as gene duplication, non-synonymous allelic variations or mutations can also contribute to 
insecticide resistance in the strains described here [5, 47]. Therefore, applying other molecular 
approaches such as RNA sequencing or genome scan on the different strains described here 
will provide further insights regarding their different adaptive responses to permethrin 
selection. Combining results obtained from filed studies and those performed in laboratory 
conditions where the selective pressures can be strictly controlled will provide further insights 
into the impact of insect chemical environment on insecticide resistance. A better 
understanding of the impact of environment in the selection of insecticide resistance 
mechanisms may contribute to better prevent resistance events and optimize insecticide-based 






Mosquito strains and experimental design 
The mosquito Ae. aegypti, possible vector of dengue and yellow fever was used in the 
present study. This mosquito species is often found in urban, sub-urban and industrial 
breeding sites and larvae are often exposed to residues of insecticides and pollutants [48]. 
Mosquitoes were reared in standard insectary conditions (26°C, 14 h/10 h light/dark period, 
80% relative humidity) in tap water (larvae) and net cages (adults). Larvae and adults were 
fed with hay pellets and papers impregnated with honey respectively. Blood feeding of adult 
females was performed on mice. The laboratory strain Bora-Bora, originating from French 
Polynesia, was used as a parental strain to select three different strains with the pyrethroid 
insecticide permethrin. This strain is susceptible to all insecticides and does not present any 
target-site or metabolic resistance mechanism. 
/DUYDHRIWKHILUVWVHOHFWHGVWUDLQQDPHGµ1RH[S-3HUP¶ZHUHEUHGLQWDSZater and not 
exposed to any xenobiotic prior to selection with permethrin. Selection was performed by 
exposing 4th-stage larvae for 24h to a lethal dose of the pyrethroid insecticide permethrin 
(ChemService, West Chester, PA, USA). Dose of permethrin was adjusted at each generation 
(between 4 µg/L to 5.5 µg/L) to reach 60-80% larval mortality. Surviving larvae were 
transferred in tap water, fed with standard larval food and allowed to emerge. Adults were 
allowed to reproduce for 4-days and fed on mice to obtain eggs for the next generation. In 
order to limit bottleneck effects, each generation was started with more than 6000 individuals. 
The two other strains were bred as above but exposed for 72h to a sub-lethal dose of 
permethrin or of the polycyclic aromatic hydrocarbon (PAH) fluoranthene (Sigma-Aldrich, 
Saint Louis, MO, USA) prior to selection with permethrin. Fluoranthene is a common PAH 
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pollutant found in urban or industrial areas [49]. This compound is known to induce 
detoxification enzymes and Ae. aegypti larvae exposed to this chemical showed an increased 
tolerance to permethrin [22, 24]. In order to avoid the selection of particular genotypes prior 
to selection, sub-lethal doses of permethrin (0.4 µg/L) and fluoranthene (100 µg/L), leading to 
less than 5% mortality after exposure were used. The two strains exposed to permethrin or 
IOXRUDQWKHQH EHIRUH SHUPHWKULQ VHOHFWLRQ ZHUH QDPHG µ3HUP-3HUP¶ DQG µ)OXR-3HUP¶
respectively. Selection process was carried out for 10 generations on all strains 
simultaneously. Bioassays and molecular analysis were performed on calibrated 4th-stage 
larvae of the 11th generation (G11 larvae) not exposed to any xenobiotic or insecticide. 
 
Bioassays with permethrin 
 To assess the constitutive resistance level of the different strains to permethrin, larval 
bioassays were conducted with permethrin to determine the lethal concentration resulting in 
50% mortality after 24h exposure (LC50). Bioassays were conducted simultaneously on all 
strains with G11 larvae bred in standardized laboratory conditions. Five doses of permethrin 
and four replicates of 30 larvae per dose were used. Doses of permethrin (from 1.5 µg/L to  
6.5 µg/L) were chosen in order to cover larval mortality range (0 to 100%). LC50 and 95% 
confident intervals (CI95) were then calculated with a probit approach for each strain using 
XL-Stat (Addinsoft, Paris, France) and compared between the parental susceptible strain and 
permethrin-selected strains. 
 
Total RNA extractions and sample preparation 
Total RNAs were extracted simultaneously from G11 larvae of three different egg 
batches for each strain (three biological replicates per strain). Each biological replicate 
consisted in 200 larvae reared in 200 mL tap water with 50 mg larval food in standardized 
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insectary conditions (see above). For each biological replicate, total RNAs were extracted 
from 60 4th-stage larvae using the RNAqueous-4PCR Kit (Applied Biosystems/Ambion, 
Austin, TX, USA) and RNA pellets were resuspended in 100 µL RNase-free water. Total 
RNA amounts were quantified with the NanoDrop ND1000 spectrophotometer 
(ThermoFisher Scientific, Waltham, MA, USA). Then, 200 ng total RNA per biological 
replicate were amplified and labeled with Cy-5 and Cy-3 dyes with the µ7wo colors low input 
Quick Amp labeling kit¶ (Agilent technologies, Santa Clara, CA, USA) according to 
PDQXIDFWXUHU¶V LQVWUXFWLRQV. Labeled cRNA were purified with the Stratagene µ$bsolutely 
RNA Nanoprep kit¶ (Agilent technologies) and resuspended into 25 µL elution buffer. 
Quantification and quality assessment of labeled cRNA were performed with the Nanodrop 
ND-1000 (Thermo Scientific, DE, USA) and the Agilent 2100 Bioanalyser (Agilent 
technologies). 
Hybridizations, data acquisition and statistical analysis 
0LFURDUUD\K\EULGL]DWLRQVZHUHSHUIRUPHGZLWKWKHµ.Agilent Aedes chip¶UHFHQWO\
designed by the Liverpool School of Tropical Medicine (arrayexpress acc number xxxxxxx), 
containing eight replicated arrays of oligo-probes representing 14204 different Ae. aegypti 
transcripts and several control probes. A pool of cRNAs from the three replicates of the 
parental susceptible strain was used as a common reference for all hybridizations against 
selected strains. For each biological replicate, two hybridizations were performed in which the 
Cy3 and Cy5 labels were swapped between samples for a total of six hybridizations per strain 
comparison (N=6). For each hybridization, 300 ng of labeled cRNA from one selected strain 
and the reference labeled with a different Cy-dye were resuspended in hybridization buffer, 
mixed DQGK\EULGL]HGIRUKRQWRWKHDUUD\DFFRUGLQJWRPDQXIDFWXUHU¶V LQVWUXFWLRQV. After 
hybridization, non-VSHFLILF SUREHV ZHUH ZDVKHG RII ZLWK WKH µ$JLOHQW K\EULGL]DWLRQ NLW¶
DFFRUGLQJ WR PDQXIDFWXUHU¶V Lnstructions (Agilent technologies). Slides were scanned 
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immediately after washes with the Agilent microarray scanner G2205B (Agilent 
technologies). Spot finding, signal quantification and spot superimposition for both dye 
channels were performed using the Agilent feature extraction software (Agilent technologies). 
Data were then loaded into Genespring GX (Agilent technologies) for normalization and 
statistical analyses. For each strain comparison, only transcripts flagged µpresent or marginal¶
in all 6 hybridizations were used for further statistical analysis. Mean transcription ratios were 
WKHQ VXEPLWWHG WR D RQH VDPSOH 6WXGHQW¶V W-test against the baseline value of 1 (equal gene 
expression in both strains) with %HQMDPLQL DQG +RFKEHUJ¶V multiple testing correction 
procedure. For each selected strain, transcripts showing a fold change >1.5-fold in either 
direction and a t-test P-value lower than P<0.01 after multiple testing correction were 
considered significantly differentially transcribed compared to the parental susceptible strain. 
 
Functional analysis of genes differentially transcribed after permethrin 
selection 
 A comparative analysis of gene functions differentially transcribed after 10 
generations of permethrin selection was performed on the 424 genes showing a significant 
differential transcription in at least one strain. Because the Gene Ontology (GO) annotation of 
Ae. aegypti genome is still incomplete (less than 9500 genes annotated with GO terms over 
SUHGLFWHGJHQHVZHPDQXDOO\DQQRWDWHGWKHµELRORJLFDOIXQFWLRQ¶RIDOOJHQHVshowing 
a significant differential transcription in at least one strain. Genes were classified in 12 
different categories: detoxification enzymes, dehydrogenases, kinases/phosphatases, other 
enzymes, transport/chaperonin, hormone metabolism, cell catabolism/anabolism, DNA 
interaction, cytoskeleton, ribosomal proteins, others and hypothetical proteins. For each strain, 
percentages of genes significantly over- and under-transcribed for each category were 
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compared. Percentages of genes represented in each functional category were compared i) for 
gene significantly differentially transcribed in each strain, ii) for genes only significantly 
differentially transcribed in each strain and iii) for genes differentially transcribed in multiple 
strains (see results). In order to compare the transcription patterns of detoxification enzymes 
between the three selected strains, clustering analyses of genes encoding P450s and other 
enzymes potentially involved in detoxification processes was performed. Only genes found 
significantly differentially transcribed in at least one permethrin-selected strain were 
considered. Hierarchical clustering was performed by loading fold-
 
transcription values into 
TM4 Multi experiment Viewer (MeV) software [50]. Gene trees were calculated using 
Pearson's uncentered distance metric and complete linkage method with optimization of genes 
order [51]. 
 
Microarray validation by RT-qPCR 
 Transcription levels of 8 detoxification genes (six P450s, one microsomal GST and 
one UDP-GT) found over-transcribed in at least two selected strains were validated by reverse 
transcription followed by real-time quantitative PCR (RT-qPCR). Two micrograms of total 
RNAs per biological replicate were treated with DNAse I (Invitrogen, Carlsbad, CA, USA) 
and used for cDNA synthesis with superscript III and Oligo-dT20 primer (Invitrogen) for 60 
PLQXWHVDFFRUGLQJWRPDQXIDFWXUHU¶VLQVWUXFWLRQV and resulting cDNAs were diluted 50 times. 
Real time quantitative PCR reactions of 25 µL were performed on an iQ5 system (Biorad, 
Hercules, CA, USA) using iQ SYBR Green supermix (Biorad), 0.3 mM of each primer and 5 
µL RI GLOXWHG F'1$V DFFRUGLQJ WR PDQXIDFWXUHU¶V LQVWUXFWLRQV )RU HDFK DQDO\zed gene, a 
cDNA dilution scale from 5 to 50000 times was performed in order to assess efficiency of the 
PCR. A melt curve analysis was also performed to check for the unique presence of the 
targeted PCR product and the low abundance of primer dimers. Quantification of gene 
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transcription level ZDV SHUIRUPHG DFFRUGLQJ WR WKH ¨¨&t method taking into account PCR 
efficiency [52] and using two housekeeping genes for normalization: the ribosomal proteins 
L8 and S7 (RPL8, Genbank accession no. DQ440262 and RPS7, Genbank accession no. 
EAT38624.1). Results were expressed as mean transcription ratio (±SE) between selected 
strains and the parental susceptible strain. 
 
Data deposition 
Detailed transcription data for all genes detected by microarray in the present study are 
presented in the additional file 3: Suppl.Table 2. All microarray data associated to the present 
study have been deposited at Vectorbase and are freely accessible at 
xxxxxxxxxxxxxxxxxxxxxxxxxxxx. The 15K microarray used in the present study has been 
deposited at arrayexpress under accession number xxxxxxxxxxxxx . All gene accession 
numbers mentioned in the present manuscript are compatible with Ensembl, NCBI-GenBank 
and Vectorbase (http://aaegypti.vectorbase.org) genome databases. 
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Table 1 - Transcription level variations in permethrin-selected strains 
 
Transcripts Noexp-Perm Fluo-Perm Perm-Perm 
        
Detected* 13766 (100%) 13902 (100%) 13882 (100%) 
       
Over-transcribed 44 (0.32%) 150 (1.07%) 100 (0.72%) 
      Annotated 27 (0.20%) 98 (0.70%) 68 (0.49%) 
      Hypothetical 17 (0.12%) 52 (0.37%) 32 (0.23%) 
       
Under-transcribed 36 (0.26%) 110 (0.79%) 91 (0.65%) 
      Annotated 26 (0.19%) 65 (0.47%) 55 (0.40%) 
      Hypothetical 10 (0.07%) 45 (0.32%) 36 (0.25%) 
    
Ratio (over- / under-transcribed) 1.23 1.35 1.11 
        
 
* Numbers of transcripts detected by the microarray analysis.  Numbers of transcripts found significantly differentially transcribed (> 






Figure 1 - Larval tolerance of permethrin-selected strains to permethrin 
Not selected: parental susceptible strain, Noexp-Perm: strain not exposed to any xenobiotic 
and selected with permethrin, Fluo-Perm: strain exposed to fluoranthene and selected with 
permethrin, Perm-Perm: strain exposed to a sub-lethal dose of permethrin and selected with 
permethrin. Larval tolerance to permethrin is shown as mean LC50 ± 95% confidence interval. 
 
Figure 2 - Overview of genes differentially transcribed in permethrin-selected strains 
 Distribution of genes significantly over- (left) or under-transcribed (right) is represented as 
two Venn diagrams. Genes showing a transcription ratio > 1.5-fold in either direction 
comparatively to the susceptible strain and a corrected P value < 0.01 were considered 
significantly differentially transcribed. Numbers of transcripts are indicated for each area of 
the Venn diagram. Numbers associated with arrows indicate genes over-transcribed in one 
strain and under-transcribed in another strain or reciprocally. Noexp-Perm: strain not exposed 
to any xenobiotic and selected with permethrin, Fluo-Perm: strain exposed to fluoranthene 
and selected with permethrin, Perm-Perm: strain exposed to a sub-lethal dose of permethrin 
and selected with permethrin. 
 
Figure 3 - Functional categories represented by genes differentially transcribed in 
each permethrin-selected strain 
For each strain, the number of genes significantly over- or under-transcribed used for 
assessing the frequency of functional categories are indicated. The small Venn diagram 





Figure 4 - Functional categories represented by genes specifically differentially 
transcribed in each permethrin-selected strain 
For each strain, the number of genes significantly over- or under-transcribed used for 
assessing the frequency of functional categories are indicated. The small Venn diagram 
indicates the gene sets considered for the analysis. 
 
Figure 4 - Functional categories represented by genes differentially transcribed 
in multiple permethrin-selected strain 
For each strain, the number of genes significantly over- or under-transcribed used for 
assessing the frequency of functional categories are indicated. The small Venn diagram 
indicates the gene sets considered for the analysis. 
 
Figure 6 - Hierarchical clustering of detoxification genes differentially 
transcribed in permethrin-selected strains 
Clustering analysis was performed on 29 P450s and 18 other detoxification genes 
significantly differentially transcribed in at least one permethrin-selected strain. Color scale 
indicates transcription ratios relative to the parental susceptible strain. Accession numbers and 
gene names or annotation are indicated. Stars indicate significant transcription variations 
(>1.5-fold in either direction and corrected P value < 0.01). P450 names ending by 





Description of additional data files 
Additional file 1 
Suppl. Figure 1. This figure shows the validation of transcription ratios obtained from 
microarray analysis by real-time quantitative RT-PCR. Validation was performed on 8 
selected genes found significantly over-transcribed by microarray in at least one strain. For 
each gene, transcription ratios from both techniques across all strains are represented. Black 
bars represent microarray transcription ratios with NS indicating a non significant corrected P 
value. Grey bars indicate RT-qPCR mean transcription ratios (±SE). Gene names or 
annotation and accession numbers are indicated. 
 
Additional file 2 
Suppl. Table 1. This table contains all transcription data for all genes found differentially 
transcribed in permethrin-selected strains comparatively to the parental susceptible strain 
Bora-Bora. For each gene, accession number, gene annotation and functional category are 
indicated. Fold transcription relative to the susceptible strain and corrected P value are 
indicated for each strain. ND indicates a gene not detected by microarray. 
 
Additional file 3 
Suppl. Table 2. This table contains all transcription data for all genes detected in our 
microarray experiment. Fold transcription relative to the susceptible strain and corrected P 
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Abstract
Background: The yellow fever mosquito Aedes aegypti is a major vector of dengue and
hemorrhagic fevers, causing up to 100 million dengue infections every year. As there is still no
medicine and efficient vaccine available, vector control largely based on insecticide treatments
remains the only method to reduce dengue virus transmission. Unfortunately, vector control
programs are facing operational challenges with mosquitoes becoming resistant to commonly used
insecticides. Resistance of Ae. aegypti to chemical insecticides has been reported worldwide and the
underlying molecular mechanisms, including the identification of enzymes involved in insecticide
detoxification are not completely understood.
Results: The present paper investigates the molecular basis of insecticide resistance in a
population of Ae. aegypti collected in Martinique (French West Indies). Bioassays with insecticides
on adults and larvae revealed high levels of resistance to organophosphate and pyrethroid
insecticides. Molecular screening for common insecticide target-site mutations showed a high
frequency (71%) of the sodium channel 'knock down resistance' (kdr) mutation. Exposing
mosquitoes to detoxification enzymes inhibitors prior to bioassays induced a significant increased
susceptibility of mosquitoes to insecticides, revealing the presence of metabolic-based resistance
mechanisms. This trend was biochemically confirmed by significant elevated activities of
cytochrome P450 monooxygenases, glutathione S-transferases and carboxylesterases at both larval
and adult stages. Utilization of the microarray Aedes Detox Chip containing probes for all members
of detoxification and other insecticide resistance-related enzymes revealed the significant
constitutive over-transcription of multiple detoxification genes at both larval and adult stages. The
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over-transcription of detoxification genes in the resistant strain was confirmed by using real-time
quantitative RT-PCR.
Conclusion: These results suggest that the high level of insecticide resistance found in Ae. aegypti
mosquitoes from Martinique island is the consequence of both target-site and metabolic based
resistance mechanisms. Insecticide resistance levels and associated mechanisms are discussed in
relation with the environmental context of Martinique Island. These finding have important
implications for dengue vector control in Martinique and emphasizes the need to develop new tools
and strategies for maintaining an effective control of Aedes mosquito populations worldwide.
Background
Every year, 50 to 100 million dengue infections world-
wide causing from 20,000 to 25,000 deaths from dengue
and hemorrhagic fever are recorded [1]. As there is still no
medicine and efficient vaccine available, vector control by
the recourse of environmental management, educational
programs and the use of chemical and biological agents,
remains the only method to reduce the risk of dengue
virus transmission [1]. Unfortunately, most of dengue
vector control programs implemented worldwide are fac-
ing operational challenges with the emergence and devel-
opment of insecticide resistance in Ae. aegypti [2] and Ae.
albopictus [3]. Resistance of Ae. aegypti to insecticides has
been reported in many regions including South east Asia
[4,5], Latin America [6] and the Caribbean [7].
Inherited resistance to chemical insecticides in mosqui-
toes is mainly the consequence of two distinct mecha-
nisms: the alteration of target sites inducing insensitivity
to the insecticide (target-site resistance) and/or an
increased metabolism of the insecticide (metabolic-based
resistance) [8]. Metabolic-based resistance involves the
bio-transformation of the insecticide molecule by
enzymes and is now considered as a key resistance mech-
anism of insects to chemical insecticides [8,9]. This mech-
anism may result from two distinct but additive genetic
events: i) a mutation of the enzyme protein sequence
leading to a better metabolism of the insecticide, and/or
ii) a mutation in a non-coding regulatory region leading
to the over-production of an enzyme capable of metabo-
lizing the insecticide. So far, only the second mechanism
has been clearly associated with the resistant phenotype in
mosquitoes. Three large enzyme families, the cytochrome
P450 monooxygenases (P450s), glutathione S-trans-
ferases (GSTs) and carboxy/cholinesterases (CCEs) have
been implicated in the metabolism of insecticides [8,10-
12]. The rapid expansion and diversification of these so-
called 'detoxification enzymes' in insects is likely to be the
consequence of their adaptation to a broad range of natu-
ral xenobiotics found in their environment such as plant
toxins [13]. These enzymes have also been involved in
mosquito response to various anthropogenic xenobiotics
such as heavy metals, organic pollutants and chemical
insecticides [14-16].
Although identifying metabolic resistance is possible by
toxicological and biochemical techniques, the large panel
of enzymes potentially involved together with their
important genetic and functional diversity makes the
understanding of the molecular mechanisms and the role
of particular genes a challenging task. As more mosquito
genomes have been sequenced and annotated [17,18], the
genetic diversity of genes encoding mosquito detoxifica-
tion enzymes has been unravelled and new molecular
tools such as the Aedes and Anopheles 'detox chip' microar-
rays allowing the analysis of the expression pattern of all
detoxification genes simultaneously have been developed
[19,20]. These specific microarrays were successfully used
to identify detoxification genes putatively involved in
metabolic resistance in various laboratory and field-col-
lected mosquito populations resistant to insecticides [19-
24].
In Latin America and the Caribbean, several Ae. aegypti
populations show strong resistance to pyrethroid, car-
bamate and organophosphate insecticides correlated with
elevated activities of at least one detoxification enzyme
family [25-28]. In addition, several points of non-synon-
ymous mutations in the gene encoding the trans-mem-
brane voltage-gated sodium channel (kdr mutations) have
been described and showed to confer resistance to pyre-
throids and DDT [27,29].
Several questions remain concerning the impact of insec-
ticide resistance on the efficacy of vector control opera-
tions. In Martinique (French West Indies), high levels of
resistance to the organophosphate temephos and the
pyrethroid deltamethrin were reported. This resistance
was characterized by an important reduction of both mos-
quito knock-down and mortality levels after thermal-fog-
ging with deltamethrin and P450-inhibitor synergized
pyrethroids, indicating that resistance was negatively
impacting on control programmes and that this resistance
was conferred, at least in part, by elevated cytochrome
P450 activity [30].
In this study, we explored the mechanisms conferring
insecticide resistance in an Ae. aegypti population from
Martinique island. Larval bioassays and adult topical
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applications were used to determine the current resistance
level of this population to insecticides. The presence of
metabolic-based resistance mechanisms was investigated
by exposing mosquitoes to enzyme inhibitors prior to
bioassays with insecticides and by measuring representa-
tive enzyme activities of each detoxification enzyme fam-
ily. At the molecular level, the frequency of the target-site
kdr mutation was investigated and a microarray approach
followed by quantitative real-time RT-PCR validation was
used to identify detoxification genes putatively involved
in metabolic resistance. Results from this study will help
to implement more effective resistance management strat-
egies in this major disease vector in the future.
Results
Larval bioassays (Table 1) showed that the Vauclin strain
is far less affected by temephos than the susceptible Bora-
Bora strain (RR50of 44-fold and RR95 of 175-fold). In the
susceptible strain, temephos toxicity was not significantly
increased in the presence of detoxification enzyme inhib-
itors (PBO, DEF and DMC). By contrast, the level of resist-
ance to temephos of the Vauclin strain was significantly
reduced in the presence of PBO, DEF and DMC (from 175
to 60, 44 and 109-fold respectively for RR95) indicating
the involvement of P450s, CCEs and in a lesser extent
GSTs in the resistance of larvae to temephos.
Topical applications of the pyrethroid insecticide deltam-
ethrin on adults of each strain (Table 2) revealed that the
Vauclin strain is also highly resistant to deltamethrin
(RR50 of 56-fold and RR95 of 76-fold). In both strains, the
toxicity of deltamethrin increased significantly in the pres-
ence of detoxification enzyme inhibitors, however only
PBO and DMC induced higher synergistic effects in the
Vauclin strain than in the susceptible Bora-Bora strain
(SR50 of 9.94 and 3.76 respectively). In the Vauclin strain,
PBO and DMC significantly reduced the resistance level
(from 76-fold to 41-fold and 43-fold respectively for
RR95), indicating a significant role of P450s and GSTs in
the resistance of adults to deltamethrin.
Comparison of constitutive detoxification enzyme activi-
ties between the susceptible strain Bora-Bora and the
insecticide-resistant Vauclin strain revealed significant dif-
ferences at both larval and adult stages (Figure 1). P450
activities were elevated in both larvae and adults of the
Vauclin strain (1.57-fold and 1.78-fold respectively with P
< 0.001 at both life stages). Similarly, GST activities were
found elevated in larvae and adults of the Vauclin strain
(1.43-fold and 1.53-fold respectively with P < 0.001 at
both life stages). Finally, D- and E-carboxylesterase activi-
ties were also found slightly elevated in the Vauclin strain
in larvae (1.13-fold and 1.18-fold with P < 0.05 and P <
0.001 respectively) and adults (1.11-fold and 1.16-fold
with P < 0.001 and P < 0.05 respectively).
Sequencing of the voltage-gated sodium channel gene
conducted on the Vauclin strain showed the presence of
the kdr mutation at position 1016 (GTA to ATA) leading
to the replacement of valine by an isoleucine (V1016Ile)
at a high allelic frequency (f(R) = 0.71, n = 24) with RR =
12, RS = 11 and SS = 1. Conversely, no kdr resistant allele
was detected in the susceptible Bora-Bora strain (n = 30).
Table 1: Insecticidal activity of temephos with and without enzyme inhibitors on larvae of Aedes aegypti Vauclin and Bora-Bora strains



















































- 2.08 160 1000 44 175 - -
(0.08) (150-180) (870-1180) (40-48) (150-205)
PBO 3.60 140 400 33 60 1.16 2.52
Vauclin (0.24) (130-150) (360-450) (29-38) (51-71) (1.05-1.29) (2.16-2.95)
DEF 3.00 68 240 21 44 2.37 4.27
(0.16) (64-72) (210-270) (18-22) (38-52) (2.18-2.57) (3.64-5)
DMC 2.05 103 650 24 109 1.57 1.57
(0.11) (92-110) (560-790) (22-27) (92-129) (1.39-1.79) (1.39-1.79)
Resistant ratios RR50 and RR95 were obtained by calculating the ratio between the LC50 and LC95 between Vauclin and Bora-Bora strains; Synergism 
ratios SR50 and SR95 were obtained by calculating the ratio between LC50 and LC95 with and without enzyme inhibitor. (CI): Confidence Interval. 
Significant RR and SR are shown in bold.
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We used the microarray 'Aedes Detox Chip' (Strode et al.,
2007) to compare the transcription levels of all Ae. aegypti
detoxification genes between the insecticide-resistant
strain Vauclin and the susceptible strain Bora-Bora in lar-
vae and adults. Overall, 224 and 214 probes out of 318
were detected consistently in at least 3 hybridisations out
of 6 in larvae and adults respectively. Among them, 31
detoxification genes were significantly differentially tran-
scribed (transcription ratio > 1.5-fold in either direction
and corrected P value < 0.01) in larvae or adults (Figure 2
and Additional file 1). Most of these genes encode P450s
(CYPs) with 4 of them being differentially transcribed in
the Vauclin strain at both life stages (CYP9J22, CYP6Z6,
CYP6M6 and CYP304C1).
In larvae, 18 genes (15 CYPs, 1 GST and 2 CCEs) were
found significantly differentially transcribed between the
insecticide-resistant strain Vauclin and the susceptible
strain Bora-Bora (Figure 2A). Among them, 14 genes were
over-transcribed in the Vauclin strain while only 4 genes
were under-transcribed. Most over-transcribed genes were
represented by CYP genes with a majority belonging to the
CYP6 subfamily (CYP6BB2, CYP6M6, CYP6Y3, CYP6Z6,
CYP6M10 and CYP6AA5). Three CYP9s were also over-
transcribed in larvae of the Vauclin strain (CYP9J23,
CYP9J22 and CYP9J9) with a strong over-transcription of
CYP9J23 (5.3-fold) together with 2 CYP4s (CYP4J15 and
CYP4D23). Among other over-transcribed genes, 2 car-
boxy/cholinesterases (CCEunk7o and CCEae2C) and 1
glutathione S-transferase (AaGSTE7) were slightly over-
transcribed in the Vauclin strain. Lastly, 4 CYPs (CYP9M9,
CYP9J20, CYP304C1 and CYP6AG8) were under-tran-
scribed in insecticide-resistant larvae comparatively to
susceptible Larvae.
In adults, 18 genes (12 CYPs, 1 GST, 3 CCEs and 2 Red/Ox)
were found differentially transcribed in the insecticide-
resistant strain Vauclin comparatively to the susceptible
strain Bora-Bora (Figure 2B). As in larvae, most of the
over-transcribed genes belong to the CYP6 and CYP9 sub-
families (CYP6CB2, CYP6M11, CYP6Z6, CYP6M6 and
CYP9J22, CYP9M9, CYP9J6) with only 2 additional CCEs
(CCEae3A and CCEae4B) being moderately over-tran-
scribed in the Vauclin strain. Nine genes were under-tran-
scribed in Vauclin adults, including 5 CYPs (CYP304C1,
CYP9M6, CYP325Q2, CYP325V1 and CYP6P12), 1 CCE
(CCEunk6o), 1 GST (GSTS1-1) and 2 thioredoxin peroxi-
dases (TPx4 and TPx3B). Interestingly CYP304C1 and
TPx4 were both found strongly under-transcribed (14.1
and 10.4-fold respectively) in insecticide-resistant adults.
Validation of microarray data was performed by real-time
quantitative RT-PCR on 10 detoxification genes identified
as over-transcribed in larvae or adults of the Vauclin strain
(Figure 3). The over-transcription of genes identified from
microarray experiments were all confirmed by quantita-
tive RT-PCR in both life stages, although expression ratios
obtained from RT-PCR were frequently higher than those
obtained from microarray experiments.

























































Vauclin - 2.65 2.61 990 4210 56 76 - -
(0.19) (880-1100) (3470-5380) (49-64) (58-99)
PBO 2.27 2.78 99 390 29 41 9.94 10.89
(0.17) (91-108) (330-470) (26-33) (31-53) (8.79-11.23) (8.64-13.72)
DEF 2.25 2.14 170 1000 49 60 5.81 4.23
(0.22) (150-190) (750-1510) (43-56) (43-86) (5.08-6.65) (3.16-5.66)
DMC 2.56 2.57 260 1150 36 43 3.76 3.68
(0.16) (240-290) (950-1460) (32-40) (33-57) (3.35-4.23) (2.86-4.72)
Resistant ratios RR50 and RR95 were obtained by calculating the ratio between the LD50 and LD95 between Vauclin and Bora-Bora strains; Synergism 
ratios SR50 and SR95 were obtained by calculating the ratio between LD50 and LD95 with and without enzyme inhibitor. (CI): Confidence Interval. 
Significant RR and SR are shown in bold.
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Discussion
The aim of the present study was to investigate insecticide
resistance mechanisms of Ae. aegypti mosquitoes from
Martinique (French West Indies).
Toxicological results confirmed the high level of resistance
of the Vauclin strain from Martinique to the organophos-
phate temephos at the larval stage and to the pyrethroid
deltamethrin at the adult stage [30]. The use of specific
detoxification enzyme inhibitors suggested that resistance
of larvae to temephos is linked to carboxylesterases and to
a lesser extent P450s and GSTs. In adults, resistance to del-
tamethrin appeared principally linked to P450s and GSTs.
Comparison of global detoxification enzyme activities
between the two strains revealed elevated P450s, GSTs
and in a lesser extent CCEs activities in the Vauclin strain
at both life-stages, confirming the importance of meta-
bolic resistance mechanisms in Martinique.
Carboxylesterases based-resistance mechanism is a major
mechanism for organophosphate resistance in insects
[12]. Several examples of Ae. aegypti resistance to organo-
phosphates in the Caribbean linked to elevated carboxy-
lesterases activities have been described [25,31]. Our
toxicological and biochemical data confirms these obser-
vations despite a moderate elevated level of CCEs activi-
ties in the Vauclin strain. Among detoxification enzymes,
P450s have been shown to play a major role in pyrethroid
resistance in insects [8,10,32]. In Martinique, Marcombe
et al. [30] suggested the involvement of P450s in the
reduced efficacy of deltamethrin space-spray operations.
Elevated GST levels have also been frequently associated
with insect resistance to insecticides such as DDT and
pyrethroids [33-35]. Our toxicological and biochemical
data support the role of P450s and GSTs in insecticide
resistance in Martinique.
At the molecular level, several mutations in the voltage-
gated sodium channel gene have been associated with
pyrethroid resistance in Ae. aegypti from Asian, Latin
American and Caribbean countries [27,29,36]. Our
results revealed a high frequency (71%) of the V1016I kdr
mutation in Ae. aegypti populations from the community
of Vauclin. The role of this mutation in pyrethroid resist-
ance was clearly demonstrated by genotype-phenotype
association studies [37]. The high frequency of the muta-
tion, together with the incomplete effect of enzyme inhib-
itors in adults, supports a contribution of this kdr
mutation in deltamethrin resistance.
Acetylcholinesterase (AChE) is critical for hydrolysis of
acetylcholine at cholinergic nerve synapses and is a target
for organophosphate and carbamate insecticides [38].
Altered AchE is an important resistance mechanism to
organophosphates in many insects. Following the meth-
ods of Alout et al. [39] and Bourguet et al. [40], AChE
activities of Vauclin mosquitoes were determined to inves-
tigate the presence of the G119S and/or F290V mutations.
No insensitive AChE phenotypes were found in any of the
mosquitoes tested (Corbel V., unpublished data), suggest-
ing that organophosphate resistance of the Vauclin strain
is rather due to detoxification enzymes unless other muta-
tions occurred elsewhere in the Ace gene.
Our microarray screening identified 14 and 9 over-tran-
scribed detoxification genes in larvae and adults of the
Vauclin strain respectively. Among them, 4 P450s
(CYP6M6, CYP6Z6, CYP9J23 and CYP9J22), the glutath-
ione S-transferase GSTe7 and the carboxy/cholinesterase
CCEae3A were all confirmed to be over-transcribed at
both life-stages, supporting their involvement in insecti-
cide-resistance. Other genes appeared more highly over-
transcribed in adults (CYP9J22, CYP9M9, CYP6M11,
CCEae3A) or in larvae (CYP6M6), suggesting that particu-
lar enzymes might be more specifically involved in resist-
ance to one insecticide during a particular life-stage as
argued by Paul et al. [41]. Validation of transcription pro-
files by real-time quantitative RT-PCR was successful for
the 10 genes tested although expression ratios obtained
with RT-PCR were often higher. The underestimation of
transcription ratios obtained from microarray data is
likely due to technical issues and has been previously evi-
denced in other studies [14,42].
Over-transcription of genes encoding P450s has been fre-
quently associated with metabolic-based insecticide
Comparison of detoxification enzymes activities between the insecticide-resistant strain Vauclin and the susceptible strain B ra-BoraFigure 1 (see previ us p ge)
Comparison of detoxification enzymes activities between the insecticide-resistant strain Vauclin and the sus-
ceptible strain Bora-Bora. A) P450 activities were measured with the ECOD method [63] on 20 Pg microsomal proteins 
after 15 min and expressed as pmol of 7-OH produced/mg microsomal protein/minute (± SE). B) GST activities were measured 
with the CDNB method [64] on 200 Pg cytosolic proteins during 1 min and expressed as nmol of conjugated CDNB/Pg pro-
tein/min (± SE). D-esterase (C) and E-esterase (D) activities were measured with the naphthyl acetate method [65] on 30 Pg 
cytosolic proteins after 15 min and expressed as Pmol D- or E-naphthol produced/mg protein/minute (± SE). For each strain 
and each life stage, 3 independent biological replicates were analyzed and measures were repeated 15, 15 and 30 times for 
P450, GST and esterase activities respectively. Statistical comparison of enzyme activities between the Vauclin and Bora-Bora 
strains were performed at each life stage separately with a Mann and Whitney's test (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Microarray screening of detoxifications genes differentially transcribed in the insecticide-resistant strain VauclinFigure 2
Microarray screening of detoxifications genes differentially transcribed in the insecticide-resistant strain Vauc-
lin. Differential transcription of detoxification gens was investigated separately in 4th-stage larvae (A) and 3-days old adults (B). 
For each life stage, differences in gene transcription are indicated as a function of both transcription ratio (Vauclin/Bora-Bora) 
and ratio's significance (t-test P values). For each comparison, only probes showing consistent data in at least 3 hybridisations 
out of 6 were considered. Vertical lines indicate 1.5-fold transcription difference in either direction. Horizontal line indicates 
significance threshold (p < 0.01) adopted for the one sample t-test after Benjamini and Hochberg multiple testing correction 
procedure. Probes showing both more than 1.5-fold differential transcription and a significant P value are named. Probes that 
were found under- or over-transcribed in both larvae and adults are shown in bold. Suffixes a and b represent two different 
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resistance mechanisms in insects [10]. In mosquitoes, the
CYP6Z subfamily has been previously associated with
response to pyrethroid, carbamates and organochlorine
insecticides. In Ae. aegypti, CYP6Z9 has been found 4-fold
over-transcribed in a permethrin-resistant strain collected
in Northern Thailand [20]. In two recent studies, CYP6Z8
was also identified as inducible by permethrin and other
pollutants [14,15]. In An. gambiae, CYP6Zs have been fre-
quently found constitutively over-transcribed in permeth-
rin- and DDT-resistant strains [19,21,43]. Recent studies
demonstrated that the enzyme encoded by An. gambiae
CYP6Z1 can metabolize the insecticides carbaryl and DDT
while CYP6Z2 with a narrower active site, can only metab-
olize carbaryl [44,45]. Recently, another An. gambiae P450
(CYP6P3), was shown to be able to degrade pyrethroid
insecticides [22]. The over-transcription of CYP6Z6 in the
Vauclin strain may indicate the involvement of Ae. aegypti
CYP6Zs in insecticide resistance in Martinique. However,
the decisive demonstration of their capability to metabo-
lize insecticides requires further investigations.
The association of CYP6Ms with metabolic resistance to
pyrethroids has also been previously described in mosqui-
toes. In Ae. aegypti larvae, CYP6M6 and CYP6M11 were
found inducible by permethrin and pollutants [14].
Although no Aedes CYP6Ms have been found constitu-
tively over-transcribed in other insecticide-resistant
strains, An. gambiae CYP6M2 was found significantly over-
transcribed in various strains resistant to pyrethroids
[21,46]. Recent studies indicate that CYP6M2 is able to
metabolize pyrethroid insecticides (Stevenson B. personal
communication). Our results suggest that Ae. aegypti
CYP6M6 and CYP6M11, with protein sequences similar to
An. gambiae CYP6M2, might also be involved in resistance
of Ae. aegypti to pyrethroids in Martinique.
Finally, the glutathione S-transferase GSTE7 and the car-
boxy/cholinesterase CCEae3A were both found over-tran-
scribed in both life-stages of the Vauclin strain. The role
GSTs in resistance to chemical insecticides has been previ-
ously evidenced in insects with the enzyme encoded by
An. gambiae GSTE2 metabolizing DDT [35,47,48] and the
Real-time quantitative RT-PCR validation of microarray dataFigure 3
Real-time quantitative RT-PCR validation of microarray data. Validation of differential transcription between the two 
strains was performed on 11 selected genes in 4th-stage larvae (white dots) and 3-days old adults (black dots). Transcription 
ratios obtained from real-time quantitative RT-PCR experiments were normalized with the two housekeeping genes AeRPL8 
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housefly MdGST6-A metabolizing two organophosphate
insecticides [49]. In Ae. aegypti, GSTE2 also metabolises
DDT and is over-transcribed in a pyrethroid and DDT-
resistant strain from Thailand [35]. In 2008, Strode et al.
[20] also revealed the over-transcription of GSTE7 in pyre-
throid-resistant mosquitoes. Our results confirm that
GSTE7 might have a role in insecticide resistance in Ae.
aegypti. Over-production of carboxylesterases has been
showed to play an important role in resistance to organo-
phosphate insecticides in mosquitoes [50-53]. Elevated
esterase activities conferring resistance to organophos-
phate insecticides has usually been linked to genomic
amplification of specific alleles although gene over-tran-
scription may also be involved [12]. Considering the high
resistance of larvae of the Vauclin strain to temephos,
over-transcribed CCEs represent good candidates for orga-
nophosphate metabolism in Ae. aegypti.
It has been suggested that insecticide resistance could be
accentuated by the exposure of mosquito populations to
pollutants and pesticides used in agriculture
[14,15,54,55]. In Martinique, bananas, sugar cane, and
pineapple represent important cultured surface areas
often localized near mosquito breeding sites. These cul-
tures have been submitted for decades to heavy use of
insecticides such as the organochlorates aldrin, dieldrin
and chlordecone and herbicides such as the triazine
simazine, the pyridines paraquat and glyphosate [56].
This particular situation is likely to have contributed to
the high resistance of Ae. aegypti to chemical insecticides
and to the selection of particular detoxification genes in
Martinique.
Conclusion
We have identified multiple insecticide resistance mecha-
nisms in Ae. aegypti mosquitoes from Martinique (French
West Indies) significantly reducing the insecticidal activity
of insecticides used for their control. Microarray screening
identified multiple detoxification genes over-transcribed
at both life-stages in resistant mosquitoes, suggesting their
possible involvement in insecticide-resistance. Further
experimental validation by using enzyme characterization
and RNA interference will allow confirming the role of
these genes in the resistance phenotype. As previously
shown in mosquitoes [57], the epistasis between the kdr
mutation and particular P450s genes is likely to contrib-
ute to the high level of resistance to pyrethroids in Ae.
aegypti from Martinique and might seriously threatens the
control of dengue vectors in the future. A better under-
standing of the genetic basis of insecticide resistance is an
essential step to implement more effective vector control




Two strains of Ae. aegypti were used in this study. The sus-
ceptible reference Bora-Bora strain, originating from Bora-
Bora (French Polynesia) is free of any detectable insecti-
cide resistance mechanism. An Ae. aegypti colony was
established from wild field-caught mosquito larvae col-
lected from individual houses in the community of Vauc-
lin in Martinique (Vauclin strain). Larvae and adults
obtained from the F1 progeny were used for bioassays,
biochemical and molecular studies.
Insecticides and detoxification enzyme inhibitors
Two technical grade compounds were used, representing
organophosphate and pyrethroid classes of insecticides,
temephos (97.3%; Pestanal™, Riedel-de-Haën, Seelze,
Germany) and deltamethrin (100%; AgreEvo, Herts,
United Kingdom). In addition, three classical detoxifica-
tion enzyme inhibitors were used for larval and adult bio-
assays; piperonyl butoxide (PBO; 5-((2-(2-
butoxyethoxy)ethoxy) methyl)-6-propyl-1,3-benzodiox-
ole; 90% Fluka, Buchs, Switzerland) an inhibitor of
mixed-function oxidases, tribufos (DEF; S,S,S-tributyl
phosphorotrithioate; 98.1% Interchim, Montluçon,
France) an inhibitor of carboxylesterases and in a lesser
extent of glutathione S-transferases (GSTs) and chlo-
rfenethol (DMC; 1,1-bis (4-chlorophenyl) ethanol; 98%
Pestanal™, Riedel-de-Haën, Seelze, Germany) a specific
inhibitor of GSTs.
Larval bioassays
Larval bioassays were performed using a standard proto-
col described by the World Health Organization [58]. Bio-
assays were carried out using late third and early fourth-
instar larvae of the Bora-Bora and Vauclin strains. For each
bioassay, 20 larvae of each strain were transferred to cups
containing 99 ml of distilled water. Five cups per concen-
tration (100 larvae) and 5 to 8 concentrations of teme-
phos diluted in ethanol leading to 0 to 100% mortality
were used. For each concentration, 1 ml of temephos at
the desired concentration was added to the cups. Control
treatments of 1 ml of ethanol were performed for each
test. Temperature was maintained at 27°C ± 2°C all over
the duration of bioassays, and larval mortality was
recorded 24 h after exposure. Three replicates with larvae
from different rearing batches were made at different
times and the results were pooled for analysis. Larvae were
then exposed to the insecticide plus each enzyme inhibi-
tor for 24 h. Dose of enzyme inhibitors were determined
according to preliminary bioassays showing that the sub
lethal concentrations of inhibitors were 1 mg/L, 1 mg/
Land 0.008 mg/L for PBO, DMC and DEF respectively.
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Topical applications
The intrinsic activity of deltamethrin against adult mos-
quitoes was measured using forced contact tests to avoid
any side effects linked to the insect behavior as recom-
mended by the World Health Organization [59]. A vol-
ume of 0.1 PL of insecticide solution in acetone was
dropped with a micro - capillary onto the upper part of the
pronotum of each adult mosquito that was briefly anaes-
thetized with CO2 and maintained on a cold table. Doses
were expressed in nanograms of active ingredient per mg
of mosquito body weight. A total of 50 individuals (non
blood fed females, 2 - 5 days old) were used per insecti-
cide dose and for controls, with at least five doses leading
to 0 to 100% mortality. Each test was replicated twice (n
= 100 per dose) using different batches of insects and
insecticide solutions. After treatment, mosquitoes were
maintained at 27°C ± 2°C and 80% ± 10% relative
humidity in plastic cups with honey solution provided.
Mortality was recorded after 24 h. To assess the effect of
detoxification enzyme inhibitors, each adult female was
exposed to sub lethal doses of PBO (1000 ng/female),
DEF (300 ng/female) and DMC (500 ng/female) 1 h prior
to deltamethrin topical application following the same
protocol described above.
Mortality data analysis
Larval and adult mortality levels were corrected by the for-
mula of Abbott [60] in case of control mortality > 5%, and
data were analysed by the log-probit method of Finney
[61] using the Probit software of Raymond et al. [62]. This
software uses the iterative method of maximum likeli-
hood to fit a regression between the log of insecticide con-
centration and the probit of mortality. The goodness of fit
is estimated by a weighted F2. It also estimates the slope of
the regression lines and the lethal concentrations (LC50
and LC95for larvae) or dosages (LD50 and LD95 for adults)
with their 95% confidence intervals. Bora-Bora and Vauc-
lin strains were considered as having different susceptibil-
ity to a given pesticide when the ratio between their LC50/
95 or LD50/95 (resistance ratio: RR50/95) had confidence lim-
its excluding the value of 1. A mosquito strain is consid-
ered susceptible when its value of RR50 is less than 5,
moderately resistant when RR50 is between 5 and 10, and
highly resistant when RR50 is over 10. For detoxification
enzyme inhibitors, synergism ratio's (SR50 and SR95) were
obtained by calculating the ratio between the LC50 (or
LD50) and LC95 (or LD95) of each insecticide with and
without each enzyme inhibitor. A SR significantly higher
than 1 indicated a significant effect of enzyme inhibitor
and synergist effects were considered different between
the two strains when their confidence interval (CI) were
not overlapping.
Detoxification enzyme activities
P450 monooxygenase activities were comparatively eval-
uated between susceptible and resistant strains in both
larvae and adults by measuring the 7-ethoxycoumarin-O-
deethylase (ECOD) activity on microsomal fractions
based on the microfluorimetric method of De Sousa et al.
[63]. One gram fresh 4th stage larvae or 3 days-old adults
(50% males and 50% females) were homogenised in 12
mL of 0.05 M phosphate buffer (pH 7.2) containing 5 mM
DTT, 2 mM EDTA and 0.8 mM PMSF. The homogenate
was centrifuged at 10000 g for 20 min at 4°C and the
resulting supernatant was ultracentrifuged at 100000 g for
1 h at 4°C. The microsomal fraction was then resus-
pended in 0.05 M phosphate buffer and the microsomal
protein content was determined by the Bradford method.
Twenty Pg microsomal proteins were added to 0.05 M
phosphate buffer (pH = 7.2) containing 0.4 mM 7-ethox-
ycoumarin (7-Ec, Fluka) and 0.1 mM NADPH for a total
reaction volume of 100 PL and incubated at 30°C. After
15 min, the reaction was stopped and the production of 7-
hydroxycoumarin (7-OH) by P450 monooxygenases was
evaluated by measuring the fluorescence of each well (380
nm excitation, 460 nm emission) with a Fluoroskan
Ascent spectrofluorimeter (Labsystems, Helsinski, Fin-
land) in comparison with a scale of 7-OH (Sigma). P450
activities were expressed as mean pmoles of 7-OH per mg
of microsomal protein per min ± SE. Statistical compari-
son of P450 activities between the two strains was per-
formed by using a Mann and Whitney test (N = 15).
Glutathione S-transferase activities were comparatively
measured on 200 Pg of cytosolic proteins from the
100000 g supernatant (see above) with 1-chloro-2,4-din-
itrobenzene (CDNB, Sigma) as substrate [64]. Reaction
mixture contained 2.5 mL of 0.1 M phosphate buffer, 1.5PM reduced glutathione (Sigma), 1.5 PM CDNB and 200Pg proteins. The absorbance of the reaction was measured
after 1 min at 340 nm with a UVIKON 930 spectropho-
tometer. Results were expressed as mean nmoles of conju-
gated CDNB per mg of protein per min ± SE. Statistical
comparison of GST activities between the two strains was
performed by using a Mann and Whitney test (N = 15).
Carboxylesterases activities were comparatively measured
on 30 Pg of cytosolic proteins from the 100000 g superna-
tant (see above) according to the method described by
Van Asperen et al. [65] with D-naphthylacetate and E-
naphthylacetate used as substrates (D-NA and E-NA,
Sigma). Thirty Pg cytosolic proteins were added to 0.025
mM phosphate buffer (pH 6.5) with 0.5 mM of D-NA orE-NA for a total volume reaction of 180 PL and incubated
at 30°C. After 15 min, reaction was stopped by the addi-
tion of 20 PL 10 mM Fast Garnett (Sigma) and 0.1 M
sodium dodecyl sulfate (SDS, Sigma). The production ofD- or E-naphthol was measured at 550 nm with a 6960
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microplate reader (Metertech, Taipei, Taiwan) in compar-
ison with a scale of D-naphthol or E-naphthol and
expressed as mean Pmoles of D- or E-naphthol per mg of
cytosolic protein per min ± SE. Statistical comparison of
esterase activities between the two strains was performed
by using a Mann and Whitney test (N = 30).
Kdr genotyping
Genomic DNA was extracted from whole adult mosqui-
toes of the Bora-Bora and Vauclin strains by grinding tis-
sues with a sterile micro-pestle in DNA extraction buffer
(0.1 M Tris HCl pH 8.0, 0.01 M EDTA, 1.4 M NaCl, 2%
cetyltrimethyl ammonium bromide). The mixture was
incubated at 65°C for five min. Total DNA was extracted
with chloroform, precipitated in isopropanol, washed in
70% ethanol, and resuspended in sterile water. The kdr
genomic region was amplified by PCR using Dip3 (5'-
ATCATCTTCATCTTTGC-3') and Dip2A (5'-TTGTTGGT-
GTCGTTGTCGGCCGTCGG-3') primers. PCR steps
included an initial denaturation step at 95°C for 3 min,
followed by 45 cycles at 95°C for 30 s, 48°C for 30 s, and
72°C for 45 s, and a final extension step at 72°C for six
min. PCR products were gel-purified with the QIAquick
Gel Extraction Kit (Qiagen) before sequencing on an ABI
Prism 3130 XL Genetic Analyser (Applied Biosystems)
using the same primers.
Microarray screening of differentially transcribed 
detoxification genes
The Aedes detox chip DNA-microarray, initially developed
by Strode et al. [20] and recently updated with additional
genes, was used to monitor changes in the transcription of
detoxification genes between the Vauclin and the Bora-
Bora strains in 4th-stage larvae and 3 days-old adults. This
microarray contains 318 probes representing 290 detoxi-
fication genes including all cytochrome P450 monooxy-
genases (P450s), glutathione S-transferases (GSTs),
carboxy/cholinesterases (CCEs) and additional enzymes
potentially involved in response to oxidative stress from
the mosquito Ae. aegypti. Each probe, plus 6 housekeeping
genes and 23 artificial control genes (Universal Lucidea
Scorecard, G.E. Health Care, Bucks, UK) were spotted 4
times at different positions on each array.
RNA extractions, cRNA synthesis and labeling reactions
were performed independently for each biological repli-
cate. Total RNA was extracted from batches of 30 4th-stage
larvae or 30 3 days-old adults (15 males and 15 females)
using the PicoPure™ RNA isolation kit (Molecular
Devices, Sunnyvale, CA, USA) according to manufac-
turer's instructions. Genomic DNA was removed by
digesting total RNA samples with DNase I by using the
RNase-free DNase Set (Qiagen). Total RNA quantity and
quality were assessed by spectrophotometry using a Nan-
odrop ND1000 (LabTech, France) and by using a Bioana-
lyzer (Agilent, Santa Clara, CA, USA). Messenger RNAs
were amplified using the RiboAmp™ RNA amplification
kit (Molecular Devices) according to manufacturer's
instructions. Amplified RNAs were checked for quantity
and quality by spectrophotometry and Bioanalyzer. For
each hybridisation, 8 Pg of amplified RNAs were reverse
transcribed into labelled cDNA and hybridised to the
array as previously described by David et al. [19]. For each
life-stage, 3 pairwise comparisons of Vauclin strain versus
Bora-Bora strain were performed with different biological
samples. For each biological replicate, 2 hybridizations
were performed in which the Cy3 and Cy5 labels were
swapped between samples for a total of 6 hybridisations
per comparison in each life-stage.
Spot finding, signal quantification and spot superimposi-
tion for both dye channels were performed using Genepix
5.1 software (Axon Instruments, Molecular Devices, Sun-
nyvale, CA, USA). For each data set, any spot satisfying
one of the following conditions for any channel was
removed from the analysis: (i) intensity values less than
300 or more than 65000, (ii) signal to noise ratio less than
3, (iii) less than 60% of pixel intensity superior to the
median of the local background ± 2 SD. Data files were
then loaded into Genespring 7.2 (Agilent Technologies,
Santa Clara, CA USA) for normalization and statistic anal-
ysis. For each array, the spot replicates of each gene were
merged and expressed as median ratios ± SD. Data from
dye swap experiments were then reversed and ratios were
log transformed. Ratio values below 0.01 were set to 0.01.
Data were then normalized using the local intensity-
dependent algorithm Lowess [66] with 20% of data used
for smoothing. For each comparison, only genes detected
in at least 50% of all hybridizations were used for further
statistical analysis. Mean transcription ratios were then
submitted to a one-sample Student's t-test against the
baseline value of 1 (equal gene transcription in both sam-
ples). Genes showing a transcription ratio > 1.5-fold in
either direction and a t-test P value lower than 0.01 after
Benjamini and Hochberg multiple testing correction [67]
were considered significantly differentially transcribed
between the two strains.
Real-time quantitative RT-PCR validation
Transcription profiles of 10 detoxification genes in 4th-
stage larvae and adults were validated by reverse transcrip-
tion followed by real-time quantitative RT-PCR on the
same RNA samples used for microarray experiments. FourPg total RNAs were treated with DNAse I (Invitrogen) and
used for cDNA synthesis with superscript III (Invitrogen)
and oligo-dT20 primer for 60 min at 50°C according to
manufacturer's instructions. Resulting cDNAs were
diluted 125 times for PCR reactions. Real-time quantita-
tive PCR reactions of 25 PL were performed in triplicate
on an iQ5 system (BioRad) using iQ SYBR Green super-
BMC Genomics 2009, 10:494 http://www.biomedcentral.com/1471-2164/10/494
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mix (BioRad), 0.3 PM of each primer and 5 PL of diluted
cDNAs according to manufacturer's instructions. For each
gene analysed, a cDNA dilution scale from 5 to 50000
times was performed in order to assess efficiency of PCR.
Data analysis was performed according to the ''CT
method taking into account PCR efficiency [68] and using
the genes encoding the ribosomal protein L8 [GenBank
DQ440262] and the ribosomal protein S7 [GenBank
EAT38624.1] for a dual gene normalisation. For each life-
stage, results were expressed as mean transcription ratios
(± SE) between the insecticide-resistant strain Vauclin and
the susceptible strain Bora-Bora. Only genes showing
more than 2-fold over- or under-transcription in the Vau-




The description of the microarray 'Aedes Detox Chip' can be
accessed at ArrayExpress http://www.ebi.ac.uk/arrayex
press acc. No. A-MEXP-623.
All experimental microarray data can be accessed at http:/
/funcgen.vectorbase.org/ExpressionData/
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Dengue is a serious public health problem in Martinique Island (French West Indies). Vector 
control by the use of insecticides is largely implemented to reduce the virus transmission by 
Aedes aegypti. Unfortunately insecticide resistance has already been observed on the Island 
and recently showed to significantly reduce the efficacy of vector control interventions. In this 
study we investigated the distribution of resistance and the underlying mechanisms in 9 Ae. 
aegypti populations. Statistical multifactorial approach was used to investigate the 
correlations between insecticide resistance levels, associated mechanisms and environmental 
factors characterizing the mosquito populations. Bioassays revealed high levels of resistance 
to temephos and deltamethrin and susceptibility to Bti in the 9 populations tested. 
Biochemical assays showed elevated detoxification enzyme activities of monooxygenases, 
carboxylesterases and glutathione S-tranferases in most of the populations. Molecular 
screening for common insecticide target-VLWHPXWDWLRQVUHYHDOHGWKHSUHVHQFHRIWKH³NQRFN-
GRZQUHVLVWDQFH´91016I kdr mutation at high frequency (>87%). Real time quantitative RT-
PCR showed the potential involvement of several candidate detoxification genes in insecticide 
resistance. Principal Component Analysis (PCA) performed with variables characterizing Ae. 
aegypti from Martinique permitted to underline potential links existing between resistance 
distribution and other variables such as agriculture practices, vector control interventions and 
urbanization. Insecticide resistance is widespread but not homogeneously distributed across 
Martinique. The influence of environmental and operational factors on the evolution of the 
resistance and mechanisms are discussed. These results provide valuable information for 
vector control management. 
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 Dengue fever is a major public health problem in Martinique Island (French-West-
Indies) and occurs in an endemo-epidemic pattern (San Martin et al. 2010). The last decade 
saw a dramatic resurgence of the virus with 5 major dengue outbreaks and more than 111,000 
reported cases (INVS 2010). As there is still no specific treatment and efficient vaccine 
available, vector control against Aedes aegypti remains the main solution to prevent dengue 
transmission. Environmental management, educational programs and mechanic elimination of 
the breeding habitats are continuously implemented but currently, the use of chemical and 
biological agents are the main methods for reducing the incidence of the disease.  
 Unfortunately vector control programs are facing operational challenges with the 
emergence and development of insecticide resistance in dengue vectors, especially Ae. aegypti 
(Ranson et al. 2010). In Martinique, resistance to organophosphates (OP) and pyrethroids 
(PYR) has been reported since the 1980s and 1990s respectively (Rosine 1999; Yébakima 
1991), but recent findings showed that this resistance can strongly reduce the efficacy of 
vector control interventions (Marcombe et al. 2009a). A molecular study conducted by 
(Marcombe et al. 2009b) showed the involvement of both metabolic and target site based 
resistance mechanisms in a wild population of Martinique (Vauclin) strongly resistant to OPs 
and PYRs. Biochemical assays revealed significant elevated activities of cytochrome P450 
monooxygenases (P450s), glutathione S-transferases (GSTs) and carboxy/cholinesterases 
(CCEs) at both larval and adult stages. Microarray and quantitative RT-qPCR experiments 
showed a significant constitutive over-transcription of multiple detoxification genes at both 
larval and adult stages. Sequencing of the voltage-gated sodium channel showed high allelic 
IUHTXHQF\RIWKH³NQRFNGRZQUHVLVWDQFH´Kdr) mutation (V1016I) in this Martinique 
population which confers resistance to DDT and PYRs (Brengues et al. 2003; Saavedra-
Rodriguez et al. 2007). 
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 The massive use of different insecticides families for vector control since the 1950s 
has probably contributed to select for insecticide resistance in mosquitoes (Brown 1986). In 
Martinique island, the OP temephos (Abate®) was used for decades for larval control 
(abandoned in 2009 to respect the recent European biocide legislation, 1998) and now 
Bacillus thuringiensis var israelensis (Bti, Vectobac®) is the only insecticide used for such 
application. Space spraying treatments with vehicle-mounted or portable thermal fogger 
(aerial or inside pulverization, respectively) are implemented during inter-epidemic periods 
(i.e. when high entomological indices are reported) and during outbreaks to rapidly kill 
infected adult mosquitoes (Corriveau et al.  2003). DDT and several OPs (e.g., malathion, 
fenitrothion) were used since the 1950s but there was a switch to PYRs in the early 1990s 
(Yébakima, 1991) because of their rapid knockdown action and low mammalian toxicity 
(WHO 2006c). Currently deltamethrin (K-Othrine 15/5®) and to a lesser extend synergized 
natural pyrethrins (AquaPy®) are used for the control of adult mosquitoes. In addition, 
Martinique is an island with intensive agriculture practice (mainly sugar cane and bananas) 
where huge amount of pesticides have been applied for crop protection. Pesticides used in 
agriculture include organochlorines (OCs), OPs and carbamates. Recently, Bocquené and 
Franco (2005) reported the widespread contamination of rivers and soils in Martinique with 
pesticides and particularly with high levels of the OCs chlordecone and lindane. The constant 
exposure of the mosquito populations to these pesticides associated with the increasing 
urbanization may have led to the selection of particular detoxification genes and to an 
increased tolerance to pesticides (David et al. 2010; Djouaka et al. 2008; Poupardin et al. 
2008; Riaz et al. 2009).  
 In this study we investigated the insecticide resistance level and the associated 
molecular mechanisms in 9 Ae. aegypti populations collected in several ecological settings in 
Martinique island. A statistical multifactorial approach was adopted to investigate the possible 
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relationship between resistance levels, associated mechanisms and environmental factors such 
as agriculture, pollution and urbanization in Martinique populations. 
 
2. Material and methods 
2.1. Mosquito strains and populations 
Two laboratory strains originating from French Polynesia (Bora-Bora) and Benin (SBE) and 
nine field-caught populations were used in the study. The 2 laboratory strains are susceptible 
to all insecticides and have been used as reference strains for resistance assays and as 
outgroups in order to gain comparative power and compensate for genetic diversity for gene 
expression analyses. Ae. aegypti was collected from individual houses as larvae or pupae in 9 
localities of Martinique in February 2009 (Figure 1). Populations were constituted from 
between 10 and 20 larval collection sites that were domestic breeding habitats. Mosquitoes 
from the same locality were pooled at the laboratory and larvae and adults obtained from the 
F1 progeny were used for bioassays, biochemical and molecular studies. The populations 
chosen covered most of the island ecotypes (coastal, mountainous, rural, urban). We also 
sampled populations from various mosquito habitats (urban, near agriculture, heavily treated, 
less treated, etc...) 
 
2.2. Larval and adult bioassays 
 Larval and adult bioassays were performed following WHO protocols (WHO 2005; 
WHO 2006a). Larval bioassays were carried out using the organophosphate temephos 
(97.3%; Pestanal® Sigma-Aldrich, Riedel-de Haën, Germany) and the formulation of Bti 
Vectobac®12AS (1.2%, 1200 ITU/mg). Bioassays were performed using late third and early 
fourth-instar larvae of each population. Four replicates per concentration and 5 to 8 
189 
 
concentrations in the activity range of each insecticide were used (n = 100). Larval mortality 
was recorded after 24h of insecticide exposure. 
 Adult female mosquitoes of each population were used for the tarsal contact with 
treated filter papers in comparison with the Bora-Bora strain as described in Marcombe et al. 
(2009a). Tests were run using filter papers treated with deltamethrin (0.05%) (100% [w/w]; 
AgrEVO, Herts, United Kingdom). Five batches of 20 non-blood fed females (2-5 days old; n 
= 100) were exposed to the insecticide during 60 minutes to estimate the knockdown effect 
(KD) of deltamethrin on each strain. Mortality was recorded 24 hours after the contact. 
 Larval and adult mortality levels were FRUUHFWHG E\ WKH $EERWW¶V IRUPXOD $EERWW
1925) in case of control mortality > 5%, and mortality data were analysed by the log-probit 
method of Finney (Finney 1971) using the Probit software of Raymond et al. (1995). Lethal 
concentrations (LC50 and LC95 for larvae) and knock-down time (KDT50 and KDT95 for adults) 
were calculated together with their 95% confidence intervals (95% CI). Adult mortality after 
24h exposure to deltamethrin was also recorded for each population. Populations from 
Martinique were considered as having different susceptibility to a given pesticide compared to 
the susceptible Bora-Bora strain when the ratio between their LC50/95 or KDT50/95 (resistance 
ratio: RR50/95) had confidence limits excluding the value of 1.  
 
2.3. Biochemical assays 
 P450 monooxygenases (P450s) level, carboxy/cholineesterases (CCEs) activities and 
Glutathione S-transferases (GSTs) activities were assayed from single 3 days-old F1 females 
(n = 47) according to the microplate methods described by Hemingway (WHO 1998) and 
Brogdon (1997). Total protein quantification of each mosquito homogenates was performed 
using the Bio-Rad protein reagent kit with bovine serum albumin as the standard protein 
(Bradford, 1976) in order to normalize enzyme activity levels by protein content. Statistical 
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comparisons of detoxification enzyme levels between the susceptible strain Bora-Bora and 
RWKHUSRSXODWLRQVZHUHDVVHVVHGE\XVLQJ0DQQ:KLWQH\¶VWHVWVZLWK6WDWLVWLFDVRIWZDUHXVLQJ
a P value threshold of 0.05.  
 
2.4. Kdr genotyping 
 Total DNA of single female mosquitoes of each strain and Martinique populations (n 
= 32) was extracted using a CTAB protocol (Rogers and Bendich, 1988). The region of the 
gene encoding the sodium channel where most kdr mutations have been described (Brengues 
et al. 2003; Rajatileka et al. 2008; Soderlund and Knipple 2003) was amplified by PCR using 
$HG ¶ $&7$&$7&*$*$$7*7**$7&* ¶ DQG $HG$ ¶
77*77**7*7&*77*7&**&&*7&**¶SULPHUV7KLV UHJLRQFRYHUVH[RQVDQG
of the sodium channel gene allowing to detect the following Kdr mutations: I1011M, I1011V, 
V1016I and V1016G. After purification of the PCR products using the AMPure kit 
(Agencourt, Berverly, MA, USA), the BigDye terminator v3.1 kit (Applied Biosystems, 
Foster city, CA, USA) was used with the same primers for sequencing. Sequence reactions 
were purified using the CleanSEQ kit (Agencourt) and were then sequenced on an ABI Prism 
3130xl analyzer (Applied Biosystems). The SeqScape software was used for sequence 
analysis. Hardy-Weinberg equilibrium was tested using the exact probability test (Rousset and 
Raymond 1997). 
 
2.5. Enzymatic phenotyping of Ache1 
 The phenotypes of the acetylcholine esterase AChE1, encoded by the ace-1 gene, were 
investigated in each population (n = 24) using the previously described TDP test (Alout et al. 
2009) adapted for Ae. aegypti with dichlorvos and propoxur concentrations of 3.10-4M and 
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4.10-4M respectively. The TDP test allows to discriminate all possible phenotypes containing 
the G119S, F290V and wild-type (susceptible) alleles. 
 
2.6. Constitutive transcription level of candidate detoxification genes  
 Transcription levels of 6 P450s (CYP genes), 2 P450-cofactors, the cytochrome-P450-
reductase (CPR gene) and the cytochrome b5 (CytB5 gene), 1 CCE (CCEae3A) and 3 GSTs 
genes were measured by real-time quantitative RT-qPCR in larvae and adult females of the 2 
susceptible strains and the 9 field-caught populations. These genes were chosen because of 
their putative involvement in metabolic resistance to chemical insecticides (David et al. 2010; 
Lumjuan et al. 2005; Marcombe et al. 2009b; Poupardin et al. 2008; Strode et al. 2008). 
Different batches of eggs from each strain/population were used to obtain 3 biological 
replicates of F1 individuals grown in standard insectary conditions. For each biological 
replicate, thirty 4th stage larvae or thirty 4-6 days-old adult females were collected alive for 
RNA extraction using Trizol (Invitrogene). RNA extractions, reverse transcriptions and 
quantitative PCR analyses were performed as described in Marcombe et al (2009b). Data 
DQDO\VLV ZDV SHUIRUPHG DFFRUGLQJ WR WKH ǻǻ&T method taking into account PCR efficiency 
and using the genes encoding the ribosomal protein L8 (AeRPL8, GenBank accession number 
DQ440262) and R7 (AeRPS7 GenBank accession number EAT38624.1) for normalization. 
Results were expressed as mean transcription ratios (±SE) between larvae or adults of the 
different populations and the susceptible Bora-Bora strain. A gene was considered as 
constitutively overtranscribed in Martinique populations when its transcription level was at 
least 2-fold greater than in the susceptible strains.  
 
2.7. Relationship between insecticide resistance, transcription level of candidate genes and 
environmental factors  
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 Potential relationship between insecticide resistance levels, gene transcription levels, 
Kdr mutation frequency and environmental factors characterizing each population were 
investigated through principal component analysis (PCA) across the 9 population of 
Martinique populations. Only candidate genes found over-transcribed in at least one 
population at any life stage were coQVLGHUHG7KHYDULDEOHVXVHGDQGWKHLUUHVSHFWLYHµQDPHV¶
were as follow: mean gene transcription ratio versus Bora-%RUDVWUDLQµ*HQHB/Y¶IRUODUYDH
RU µ*HQHB$G¶ IRU DGXOWV ODUYDO UHVLVWDQFH WR WHPHSKRV µ5550 WHP¶ DGXOW UHVLVWDQFH WR
deltamethrin knoFN GRZQ HIIHFW µ5550 GHOWD¶  DGXOW VXUYLYLQJ K DIWHU GHOWDPHWKULQ
H[SRVXUH µ$OLYH K GHOWD¶ kdr PXWDWLRQ IUHTXHQF\ µ9,¶ LQVHFWLFLGH SUHVVXUH
agriculture and urbanization. Insecticides pressure was represented by two variables obtained 
IURP GDWD SURYLGHG E\ WKH YHFWRU FRQWURO XQLW RI 0DUWLQLTXH 7KH ILUVW YDULDEOH µ3XOY¶
represents the number of outdoor deltamethrin pulverizations made routinely between 2006 
DQG  LQ HDFK SRSXODWLRQ DUHD 7KH VHFRQG YDULDEOH µ,QW¶ UHSUHVHQWV WKH QXPEHU RI
specific interventions because of high entomological indices or dengue cases between 2006 
and 2009, corresponding to larval treatment with Bti or temephos and deltamethrin 
pulverizations. The environment was described by five variables chosen for their putative role 
LQWKHVHOHFWLRQRILQVHFWLFLGHUHVLVWDQFHVXJDUFDQHFXOWXUHVµ6XJ¶EDQDQDVFXOWXUHVµ%DQ¶
RWKHUDJULFXOWXUDOFURSVµ$JUL¶RUJDQRFKORULQHSROOXWLRQµ2&3V5LVN¶PDLQO\FKORUGHFRQH
DQG OLQGDQH DV GHVFULEHG LQ %RFTXHQH DQG )UDQFR  DQG XUEDQL]DWLRQ µ8UE¶ (DFK
environmental variable is expressed as the percentage of land surface of interest present in a 
circle of 2.5 km beam around each sampled sites. This percentage was obtained by pixel 
measurement using the software MESURIM. PCAs were performed using R software (2008). 
As variables were not of the same scale, they were standardized (mean = 0 and standard 
deviation = 1) to avoid any distortion. Because no environmental variables were available for 
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the susceptible strains, PCA was only performed on data from the 9 Martinique populations 
(see supplementary table 1 for all variables used for PCA). 
 
3. Results 
3.1. Larval and adult bioassays 
 Bioassays showed that the 9 populations of Martinique were resistant to temephos and 
deltamethrin in comparison with the laboratory susceptible Bora-Bora strain and the 
susceptible strain SBE originating from Benin (Table1). For temephos, RR50 ranged from 13-
fold (SJOS) to 36-fold (GMRN) and RR95 ranged from 26-fold (SJOS) to 153-fold (VCLN). 
WHO tube tests with 0.05% deltamethrin on adult mosquitoes showed resistance to 
knockdown effect with RR50 ranging from 3.71-fold for RSAL population to 6.71-fold for 
SAN population). Mortality after 24h deltamethrin exposure ranged from only 19 % for AJPB 
population to 90 % for the RSAL population while mortality in the susceptible strains reached 
100%. For Bti, all Martinique populations showed low RRs comparatively to the susceptible 
Bora-Bora strain (maximum RR50 of 2.26-fold), indicating that all populations tested were 
mostly susceptible to Bti. 
 
3.2. Detoxification enzyme levels 
 Detoxification enzyme levels were estimated for each population at the adult stage 
(Table 2). For all enzyme families, activities measured in the susceptible strain from Benin 
(SBE) were lower than in the susceptible Bora-Bora. P450s level were significantly higher 
than in the Bora-Bora strain (Mann-:KLWQH\¶V WHVW LQ DOO 0DUWLQLTXH SRSXODWLRQV H[FHSW
RSAL. In comparison with the Bora-Bora strain, Į-CCEs activities were significantly higher 
for SJOS, VCLN and SAN populations while ß-CCEs activity was only significantly higher in 
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the SAN population. GSTs activities were significantly elevated in AJPB, SPIER, VCLN, 
RSAL and SAN populations in comparison with Bora-Bora strain. 
 
3.3. Kdr genotyping 
 Sequencing of the voltage-gated sodium channel gene from single mosquitoes 
revealed the presence of the Kdr mutation at position 1016 (GTA to ATA) leading to the 
replacement of a valine by an isoleucine (V1016I) at a high allelic frequency for all of 
Martinique populations (f[R] ranged from 0.87 to 0.97, Table 3). All the populations were at 
Hardy-Weinberg equilibrium (Exact test, P > 0.05). No other Kdr resistant allele was detected 
in these populations. No Kdr mutation was found in the two susceptible strains Bora-Bora and 
SBE. 
 
3.4. Enzymatic phenotyping of AChE1 
 All populations from Martinique showed similar percentages of AChE inhibition with 
dichlorvos and propoxur compared to the susceptible Bora-Bora strain excepted for RSAL 
and VCLN (only for dichlorvos for this latter). However the differences were not strong 
enough to suspect the presence of insensitive AChE in the populations tested (Table 4). 
 
3.5. Constitutive transcription level of candidate detoxification genes  
 Transcription profiles of twelve candidate detoxification genes potentially involved in 
metabolic resistance to insecticides were compared between susceptible strains and 
Martinique populations at the larval and adult stages. Genes with transcription ratio over 2-
fold were considered significantly over-transcribed. In larvae (Figure 2), the P450 genes 
CYP6Z6 and CYP6Z8 were both over-transcribed in 6 populations of Martinique (GRMN, 
SJOS, LAM, FDF, VCLN and SAN) compared to the susceptible strains Bora-Bora and SBE 
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(Figure 2A). The gene CYP6M11 was slightly over-transcribed in the GRMN population 
comparatively to susceptible strains. CYP9M9 was over-transcribed in SPIER, GRMN, LAM, 
FDF Martinique populations but also in the susceptible strain SBE. Among other genes 
(Figure 2B), the P450 co-factor CPR appeared slightly over-transcribed in the AJPB, SJOS, 
VCLN, RSAL and SAN populations compared to susceptible strains. The esterase gene 
CCEae3A was over-transcribed in all Martinique populations. Among GST genes, GSTE2 and 
GSTE7 were both over-transcribed  in SPIER, GRMN, LAM and FDF populations with a 
higher over-transcription of GSTE2 (up to 7-fold). 
 In adults, 4 different P450 genes were found over-transcribed in Martinique 
populations (Figure 3A). Both CYP6Z6 and CYP6Z8 were over-transcribed in SPIER, LAM, 
RSAL, SAN and AJPB, GRMN, SJOS, LAM, FDF, VCLN respectively. CYP9J22 was over-
transcribed in all Martinique populations except FDF while CYP9M9 was over-transcribed in 
AJPB, GRMN, SJOS, FDF and SAN. No significant differences of transcription level were 
observed for CYP6M6 and CYP6M11 compared to the susceptible strains. Among the two 
P450-cofactor genes, only CPR was found over-transcribed in the GRMN, SJOS, FDF, RSAL 
and SAN populations (Figure 3B). As in larvae, the CCEae3A gene was over-transcribed in 
all Martinique populations. Among GSTs, GSTE2 was found over-transcribed more than 2-
fold in all Martinique populations whereas GSTE7 was over transcribed in four populations 
only (AJPB, GRMN, LAM and FDF). 
 
3.6. Relationship between insecticide resistance, transcription levels of candidate genes 
and environmental factors 
 Principal Component Analysis (PCAs) was performed on all Martinique populations 
with 29 variables including insecticide resistance levels, larval and adult transcription ratios of 
candidate genes and environmental variables. Relations among variables across all Martinique 
196 
 
populations are presented in Figure 4 and detailed results are shown in supplementary table 2. 
The first three PCA axes resumed 63 % of the starting information with 24 %, 22 % and 17 % 
respectively. Larval resistance to temephos was mainly represented on the two first PCA axes 
and strongly positively correlated to sugar cane culture and larval over-transcription of 
CCEae3A, CYP6M11, CYP9M9. Larval resistance to temephos was negatively correlated to 
adult deltamethrin resistance. Adult deltamethrin resistance was mainly represented by the 
second PCA axis and positively correlated to urbanization, deltamethrin pulverization and the 
adult over-transcription of CYP9M9, GSTE7 but negatively correlated to agriculture, sugar 
cane culture and the adult over-transcription of CYP6Z6 and CCEae3A. Deltamethrin 
pulverization was positively correlated with Kdr mutation frequency. Variables related to 
agriculture were mainly represented by the second and third PCA axes and positively 
correlated together. Sugar cane culture and in a lesser extent other agriculture variables were 
positively correlated to temephos resistance but not to deltamethrin resistance. Finally, one 
should note that several groups of genes showed a strong correlation of their transcription 
levels across the three first PCA axes such as CYP6Z6, CYP6Z8, GSTE7 and GSTE2 in 
larvae; CCEae3A, CYP6M11 and CYP9M9 in larvae; CPR and CYP9J22 in larvae or 





 The aim of the present study was to investigate insecticide resistance level and 
mechanisms of 9 Ae. aegypti populations collected in Martinique (French West Indies) and 
the possible relationship between environmental factors and resistance. 
 Toxicological results showed that all Ae. aegypti populations of Martinique were 
resistant to the organophosphate temephos and the pyrethroid deltamethrin but mostly 
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susceptible to the bio-larvicide Bti . For Bti, although a slight resistance to Bti toxins could not 
be excluded (Paris et al. 2010b), the significant resistant ratios (RRs) measured for Martinique 
populations compared to the susceptible laboratory strain Bora-Bora may underline a different 
genetic background between field populations and laboratory strains. As Bti remains the main 
insecticide available for larval treatments, the low level of resistance even after many years of 
use is encouraging. This low resistance level is due to the association of the different Bti 
toxins that slows down the selection of resistance in natural populations (Tilquin et al. 2008). 
However, resistance to whole Bti mixture has been reported in Culex pipiens populations from 
New-York (Paul et al. 2005) and suspected in Aedes rusticus in France (Paris et al. 2010a). 
Furthermore, considerable resistance to individual Bti toxin has been obtained in laboratory 
after selecting Ae. aegypti larvae with field-collected leaf litter containing Bti toxins (Bonin et 
al. 2009; Paris et al. 2010a), indicating the necessity to regularly monitor the Ae. aegypti 
susceptibility to Bti in the Caribbean. 
 Among target-site mutations conferring resistance to chemical insecticides, only the 
V1016I Kdr mutation was found in Martinique populations, confirming the results previously 
obtained by Saavedra-Rodriguez et al. (2007) in South America and Caribbean. High 
frequency of the V1016I Kdr mutation was observed among the 9 populations, indicating that 
deltamethrin resistance is partly associated with target site mutation. Donnelly et al. (2009) 
pointed out a strong causal relationship between Kdr genotype and susceptibility to DDT and 
pyrethroids in many mosquito species, including Ae. aegypti. Saavedra-Rodriguez et al. 
(2008) showed the beneficial effect of the V1016I Kdr mutation regarding knock-down time, 
recovery and survival rate of Ae. aegypti adults exposed to pyrethroids. Our study revealed a 
wide range of survival rates after deltamethrin exposure (20% to 90%) while the V1016I Kdr 
PXWDWLRQ ZDV DOPRVW IL[HG LQ DOO VDPSOHG SRSXODWLRQV I  VXJJHVWLQJ WKDW RWKHU
resistance mechanisms are involved in Martinique. One should note that a novel mutation in 
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the sodium channel gene (mutation F1552C) linked to permethrin resistance has been recently 
found in Ae. aegypti in Thailand (Yanola et al. 2010) suggesting that other undiscovered 
target site mutations might also contribute to pyrethroid resistance.  
 Enzymatic phenotyping of AChE1 did not allow demonstrating the presence the 
G119S and F290V mutations in organophosphate resistance in Martinique. However, the 
RSAL population presented a slightly lower inhibition rates for dichlorvos and propoxur 
compared to other populations. The sequencing of the Ace.1 gene in this population should 
confirm the absence of this mutation in Martinique. Unless other mutations are present 
elsewhere in this gene, our results showed that organophosphate resistance is mainly due to 
metabolic mechanisms. However, the monitoring of Ace.1 resistant alleles in the Caribbean 
remains important since a recent study suggested the presence of insensitive AChE in a 
carbamate resistant Ae. aegypti population from Cuba (Bisset et al. 2006). 
 By quantitative trait loci (QTL) mapping, Saavedra-Rodriguez et al. (2008) also 
confirmed that genes coding for detoxification enzymes play a significant role in pyrethroid 
resistance in Ae. aegypti. Biochemical assays on adults showed that deltamethrin resistance 
seemed to be associated with higher P450 levels confirming previous results obtained by 
Marcombe et al. (2009b) on a single Martinique population. In the present study, the 9 
populations tested showed significantly higher P450s activities except in the RSAL 
population which was also the less resistant to deltamethrin. Five populations also showed 
higher GST activities compared to the susceptible Bora-Bora strain. As observed by 
Rodriguez et al. in Cuba (2005), GST detoxification enzymes may be involved in 
deltamethrin resistance in Martinique, although no Ae. aegypti GST has yet been shown to 
metabolize pyrethroids or their metabolites. Four populations presented higher activities of Į-
CCEs (Table 2) which have been previously involved in organophosphate resistance 
(Hemingway et al. 2004). Elevated esterase activities were also observed by Marcombe et al. 
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(2009b) who showed higher activities of CCEs and in a lesser extent P450s in Ae. aegypti 
larvae from Martinique. 
 
 At the molecular level, metabolic resistance of Martinique populations through over-
expression of detoxification enzymes was investigated by quantitative RT-PCR on 12 
candidate genes. Our results showed that several candidate genes were over-transcribed in 
Martinique populations comparatively to the susceptible strains. Among them, CYP6Z6, 
CYP6Z8, GSTE7 and CPR seemed to be over-transcribed to a similar extent at both life 
stages, while others showed a more pronounced over-transcription in adults (CYP9J22 and 
CCEae3A) or larvae (GSTE2). Such life-stage specific over-transcription patterns suggest that 
particular enzymes might be more specifically involved in resistance to chemical insecticides 
during a particular life stage (Paul et al. 2006; Poupardin et al. 2010). 
 Over-transcription of genes encoding P450s has been frequently associated with 
metabolic-based insecticide resistance in insects (Feyereisen, 2006). In mosquitoes, the 
CYP6Z subfamily has been previously associated with response to pyrethroid, carbamate and 
organochlorine insecticides (Chiu et al. 2008; David et al. 2005; McLaughlin et al. 2008; 
Muller et al. 2007). In Ae. aegypti, CYP6Z9 has been found 4-fold over-transcribed in a 
permethrin-resistant strain collected in Northern Thailand (Strode et al. 2008) and CYP6Z8 
was also identified as inducible by permethrin and other pollutants (Poupardin et al. 2008; 
Riaz et al. 2009). The over-transcription of CYP6Z6 and CYP6Z8 in most Martinique 
populations confirms the possible involvement of Ae. aegypti CYP6Zs in insecticide 
resistance in Martinique. However, the final demonstration of their capacity to metabolize 
chemical insecticides requires further investigations. The P450 gene CYP9M9 was found 
over-transcribed in several Martinique populations at both life stages. This gene was found to 
be inducible by permethrin, temephos and others pollutants (David et al. 2010; Poupardin et 
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al. 2008). However, in the present study, CYP9M9 was also over-transcribed in larvae of the 
susceptible strain SBE from Benin and showed important variations between populations, 
suggesting that this gene may not have a major role in resistance. Conversely, the repeated 
over-transcription of CYP9J22 in adults is in agreement with results obtained by Marcombe et 
al. (2009b) and suggests a significant role of this gene in resistance. Recently, the capacity of 
other Ae. aegypti CYP9Js to metabolize pyrethroids was validated by heterologous expression 
followed by in-vitro insecticide metabolism assays (M. Paine, personal communication), 
confirming the involvement of this P450 subfamily in insecticide resistance in Ae. aegypti. 
Finally, Lycett et al. (2006) showed that the silencing of the P450 electron donor cytochrome 
P450 reductase (CPR) causes an increased susceptibility to permethrin in An. gambiae. 
Therefore, the recurrent elevated transcription level of the CPR gene at both life stages 
supports the major role of the P450 detoxification system in metabolic resistance mechanisms 
in Martinique. 
The over-transcription of the gene GSTE2 is of particular interest since the associated enzyme 
has been shown to metabolize DDT in An. gambiae and Ae. aegypti (Lumjuan et al. 2005; 
Ortelli et al. 2003). GSTE2 was also found over-transcribed in a DDT- and pyrethroid-
resistant strain from Thailand (Lumjuan et al. 2005). The intensive use of DDT and other 
organochlorines may be at the origin of the selection of the constitutive over-transcription of 
GSTE2 in Martinique. The gene GSTE7 was also found over-transcribed in several Martinique 
populations, and in several pyrethroid resistant Ae. aegypti strain from Thailand (Strode et al. 
2008). Recent studies performed in our laboratory showed that this enzyme show a GSH 
conjugation activity and is able to bind several insecticides and pollutants such as DDT, 
pyrethroids and temephos (A. Chandor-Proust and J.P. David personal communication).  
The esterase gene CCEae3A was constitutively over-transcribed in all Martinique populations 
at both life stages and highly correlated with temephos resistance. The massive use of 
201 
 
temephos during decades in Martinique may have selected for a CCE based metabolic 
resistance and particularly for the CCEae3A gene. Further work on the phenotypic expression 
of this candidate gene in Aedes would be required as esterases are known to play an important 
role in OPs resistance in mosquitoes (Hemingway and Karunaratne 1998; Oakeshott et al. 
2005; Raymond et al. 1998).  
 
 The principal component analysis of 29 variables characterizing the 9 populations of 
Martinique underlined potential relationships between variables. Negative correlation between 
resistance to temephos and to deltamethrin suggests not only the absence of cross-resistance 
between the two insecticides but also that both resistances are submitted to different selection 
pressures in Martinique. The absence of correlation between deltamethrin resistance and 
agriculture variables may indicate that agricultural pesticides do not play a major role on adult 
deltamethrin resistance in Martinique or eventually that this impact is too homogenous across 
populations to be highlighted by our analysis. A significant relationship appeared between 
urbanization, deltamethrin pulverization and Kdr mutation frequency possibly associated to 
the selection pressure applied in urban zones by deltamethrin treatments. Recent studies 
(Marcombe et al unpublished) showed a surprising strong genetic differentiation of the Aedes 
populations of Martinique island. Larval or adult treatments especially in urban zone may 
have an influence on the resistance selection, the effective population size (bottleneck) and on 
the population structure. However, the correlation between Kdr mutation frequency and 
deltamethrin resistance was not so significant, confirming that metabolic resistance 
mechanisms play a significant role in deltamethrin resistance and that other sources of 
selection exist like household insecticides. The agriculture and sugar cane culture variables 
were correlated with larval resistance to temephos suggesting a potential role of agriculture in 
the selection of organophosphate resistance in Martinique. Many studies showed that 
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agricultural practices such as cotton or vegetable culture may have an essential role in the 
selection for DDT and pyrethroid resistance, especially for the main malaria vector Anopheles 
gambiae in Africa (Akogbeto et al. 2005; Corbel et al. 2007; Diabate et al. 2002). The fact 
that Ae. aegypti is mainly associated to urban and peri-urban environments explain the lesser 
impact of agricultural practices on this resistance pattern.  
 From the present study, it could be hypothesized that deltamethrin resistance in 
Martinique results from the combination of the presence of the V1016I Kdr mutation and the 
over-production of detoxification enzymes such as with CYP6Zs and GSTs participating in 
phase I and phase II detoxification steps respectively. At the larval stage an interesting 
positive correlation was observed between CCEae3A transcription level and temephos 
resistance, confirming the potential role of this gene in metabolic resistance of this insecticide. 
However, such correlation was also observed with the P450 genes CYP6M11 and CYP9M9 





 This study showed that resistance to chemical insecticides is multiple and widely 
distributed among Ae. aegypti Martinique populations.  
 Several detoxification genes such as P450s belonging to the CYP6Z, CYP9J or 
CYP6M subfamilies, epsilon GSTs or the esterase CCEae3A represent good candidates for 
further functional validation. Although it cannot be excluded that other genes are involved in 
insecticide resistance, gene silencing and heterologous expression approaches will provide 
more evidences of their potential role in metabolic resistance.  
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 The role of environmental factors such as agriculture in Ae. aegypti resistance to 
insecticide in Martinique was preliminarily investigated through a multivariate analysis. 
Additional population genetic and genomic studies are currently performed on Ae. aegypti 
Martinique populations. These studies should bring more information about the genetic 
structure of Martinique populations and eventually point out specific genetic region under 
selection. A better understanding of the genetic basis of insecticide resistance is essential to 
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Table 1: Resistance status of Aedes aegypti populations of Martinique to Bti, temephos 
(larvae) and deltamethrin (adults). 
Insecticides Bti Temephos Deltamethrin 













Bora1 ¤ ¤ ¤ ¤ ¤ ¤ 100% 
SBE1 1,30 (1,26 - 1,29) 
1,79 
(1,58 - 1,83) 
0,87 
(0,84 - 0,87) 
0,92 
(0,92 - 0,95) 
0,91 
(1 - 0,92) 
0,78 
(0,81 - 0,7) 100% 
AJPB 1,63 (1,58 - 1,71) 
1,6 
(1,37 - 1,97) 
14,69 
(13,33 - 16,67) 
54,41 
(42,5 - 73,75) 
5,86 
(5,21 - 6,93) 
10,29 
(8,15 - 15,81) 19% 
SPIER 1,42 (1,46 - 1,41) 
1,2 
(1,19 - 1,3) 
13,13 
(12 - 15,15) 
53,73 
(41,61 - 74,53) 
4 
(3,86 - 4,21) 
5,76 
(5,3 - 6,86) 70% 
GRMN 1,87 (1,91 - 1,89) 
2,21 
(2,03 - 2,66) 
35,94 
(29,67 - 44,85) 
149,49 
(102,32 - 216,56) 
5,36 
(4,86 - 6,14) 
6,95 
(5,9 - 9,62) 64% 
SJOS 1,02 (0,89 - 1,18) 
0,73 
(0,57 - 0,96) 
12,81 
(10,67 - 16,06) 
26,27 
(16,25 - 42,34) 
5,79 
(5,21 - 7) 
8,48 
(6,8 - 13,38) 29% 
LAM 1,87 (1,77 - 2,03) 
1,9 
(1,42 - 2,66) 
31,56 
(28,33 - 35,76) 
138,64 
(112,68 - 176,25) 
5,64 
(5 - 6,79) 
8,05 
(6,45 - 12,81) 55% 
FDF 1,81 (1,74 - 1,92) 
1,95 
(1,55 - 2,58) 
14,69 
(13,67 - 16,36) 
35,76 
(29,64 - 45) 
6,43 
(5,5 - 8,64) 
9,43 
(7 - 18,19) 23% 
VCLN 1,27 (1,28 - 1,27) 
1,16 
(1,13 - 1,26) 
27,5 
(24,67 - 31,52) 
152,88 
(116,79 - 211,41) 
5,71 
(5,14 - 6,79) 
7,14 
(5,95 - 10,52) 20% 
RSAL 1,4 (1,42 - 1,39) 
1,2 
(1,18 - 1,3) 
28,75 
(26,33 - 32,73) 
81,69 
(64,82 - 110) 
3,71 
(3,57 - 3,79) 
4,76 
(4,25 - 4,71) 90% 
SAN 2,26 (2,32 - 2,29) 
2,34 
(2,12 - 2,88) 
19,06 
(17,67 - 21,52) 
55,93 
(45 - 72,66) 
6,71 
(5,71 - 8,57) 
12,19 
(9,05 - 21,52) 42% 
1
 Susceptible reference strains. LC50 and LC95 in mg/liter for the Bora strain were 0.062 and 0.14 with Bti, 













Table 2: Detoxification enzyme activities in adults of the populations of Martinique and the 
laboratory strains: cytochrome P450 monooxygenases (P450s; nmol P450U/mg protein), 
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(VWHUDVHĮDQGȕ-&&(VĮȕ-Naphtol/min/mg protein) and Glutathione-S-transferases (GSTs; 
GSH/min/mg protein).  
Strain n P450 (± sd) (VWHUDVHVĮVG (VWHUDVHVȕVG GST (± sd) 
Bora1 47 0,039 (± 0,0046) 0,108 (± 0,0153) 0,077 (± 0,0169) 0,02 (± 0,0485) 
SBE1 47 0,028 (± 0,0032) * 0,081 (± 0,0092) * 0,071 (± 0,0131) 0,015 (± 0,0902) 
AJPB 47 0,054 (± 0,0059) * 0,11 (± 0,0095) 0,081 (± 0,0138) 0,072 (± 0,0406) * 
SPIER 47 0,053 (± 0,0112) * 0,104 (± 0,0263) 0,074 (± 0,0195) 0,037 (± 0,0429) * 
GRMN 47 0,043 (± 0,0049) * 0,103 (± 0,0144) 0,061 (± 0,0145) - 
SJOS 47 0,045 (± 0,007) * 0,146 (± 0,0308) * 0,085 (± 0,0211) - 
LAM 47 0,056 (± 0,0062) * 0,111 (± 0,0139) 0,074 (± 0,0153) 0,021 (± 0,0559) 
FDF 47 0,05 (± 0,0044) * 0,114 (± 0,0118) 0,073 (± 0,0129) 0,039 (± 0,0498) 
VCLN 47 0,054 (± 0,0081) * 0,12 (± 0,0189) * 0,072 (± 0,0148) 0,038 (± 0,0492) * 
RSAL 47 0,04 (± 0,0087) 0,104 (± 0,0227) 0,064 (± 0,0173) 0,064 (± 0,0452) * 
SAN 47 0,053 (± 0,0079) * 0,125 (± 0,0127) * 0,098 (± 0,0188) * 0,051 (± 0,0463) * 
1
 Susceptible reference strains. *: Values significantly different in field-caught populations comparatively to the 
%RUDODERUDWRU\VWUDLQ0DQQDQG:KLWQH\¶VWHVWSsd: standard deviation.  
 
Table 3: Frequency of the V1016I kdr mutation in the populations of Martinique and the two 
reference strains. 
Strain n RR RS SS R frequency 
Bora1 31 0 0 31 0,00 
SBE1 31 0 0 31 0,00 
AJPB 32 25 7 0 0,89 
SPIER 31 24 6 1 0,87 
GRMN 32 26 6 0 0,91 
SJOS 32 24 8 0 0,88 
LAM 31 29 2 0 0,97 
FDF 32 28 4 0 0,94 
VCLN 32 26 6 0 0,91 
RSAL 32 25 7 0 0,89 
SAN 32 27 5 0 0,92 
1
 Susceptible reference strains; n: number of females tested; RR: number of homozygous resistant individuals; 
SS: number of homozygous susceptible individuals; RS: number of heterozygous individuals; R frequency: 
Resistance allele frequency in the population. 
 
 
Table 4: Mean percentage of the AChE inhibition by dichlorvos and propoxur in the 
laboratory strains and the populations of Martinique. 
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Strain n dichlorvos ± sd propoxur ± sd 
Bora1 80 74,99 7,09 80,13 4,45 
SBE1 24 70.77 3.44 76.48 2.91 
AJPB 24 76,95 4,26 80,99 3,02 
SPIER 24 83,74 7,24 83,67 4,22 
GRMN 24 73,95 5,68 81,99 4,26 
SJOS 24 77,21 7,70 82,43 4,70 
LAM 24 80,05 3,60 82,42 3,73 
FDF 24 77,54 4,61 82,56 3,27 
VCLN 24 71,20* 3,97 82,23 4,97 
RSAL 24 65,52* 3,75 75,20* 3,03 
SAN 24 76,80 3,59 82,74 3,50 
1
 Susceptible reference strains. *: Values significantly lower in field populations comparatively to Bora strain 





















Figure 1. Location of Ae. aegypti populations sampling sites in Martinique. The samplings 
were made in the communities of Ajoupa-Bouillon, Saint Pierre, Gros Morne, Saint Joseph, 
Lamentin, Fort de France, Vauclin, Rivière Salée and Saint Anne respectively named AJPB, 
SPIER, GRMN, SJOS, LAM, FDF, VCLN, RSAL and SAN 
 
Figure 2. Larval transcription levels of (A) 6 cytochrome-P450-monooxygenases and (B) 2 
P450-cofactors, 3 GST and 1 CCE genes estimated in the populations of Martinique and the 
susceptible SBE reference strain relative to the susceptible Bora-Bora strain. Transcription 
ratio obtained from real-time quantitative RT-PCR experiments were normalized with the 2 
housekeeping genes AeRPL8 and AeRPS7 and shown as mean value (± SD) over 3 
independent biological replicates. 
 
Figure 3. Adult transcription levels of (A) 6 cytochrome-P450-monooxygenases and (B) 2 
P450-cofactors, 3 GST and 1 CCE genes estimated in the populations of Martinique and the 
susceptible SBE reference strain relative to the susceptible Bora-Bora strain. Transcription 
ratio obtained from real-time quantitative RT-PCR experiments were normalized with the 2 
housekeeping genes AeRPL8 and AeRPS7 and shown as mean value (± SD) over 3 
independent biological replicates.  
 
Figure 4. Graphical representation of the 29 variables on the three first axes of the principal 
component analysis (PCA). Percent of starting information represented by each PCA axis are 
indicated. Variables related to insecticide resistance levels and environment are shown in 
bold. V1016I: % V1016I Kdr mutation; RR50 delta: RR50 to deltamethrin knock down effect; 
Alive 24h delta: % alive adult mosquitoes 24 hours after deltamethrin exposure ; RR50 tem: 
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larval RR50 to temephos; Pulv: deltamethrin pulverization events from 2006 to 2009; Int: 
Insecticide treatments intervention events from 2006 to 2009; Urb, Agri, Ban, Sug: % land 
surface of urbanization, agriculture, bananas and sugar culture respectively around each 


















































3DUPL OHV GLIIpUHQWHV DSSURFKHV GH YDOLGDWLRQ IRQFWLRQQHOOH O¶XWLOLVDWLRQ GH OD
WHFKQLTXHG¶$51 interférent (AR1LSHXWSHUPHWWUHGHYDOLGHUO¶LPSOLFDWLRQG¶XQJqQHGRQQp
GDQV O¶DXJPHQWDWLRQ GH WROpUDQFHUpVLVWDQFH GHV ODUYHV YLV-à-vis des insecticides chimiques. 
(QHIIHWODWHFKQLTXH$51LUHSRVDQWVXUXQPpFDQLVPHQDWXUHOGHUpJXODWLRQGHO¶H[SUHVVLRQ
des gènes (Ecker et Davis 1986), est largement utilisée pour étudier la fonction des gènes chez 
la plupart des organismes vivants. La Figure 31 montre le mécanisme par lequel cette 
WHFKQLTXH SHUPHW G¶LQKLEHU O¶expUHVVLRQ G¶XQ JqQH GH IDoRQ VSpFLILTXH HW SRVW-
transcriptionnelle chez un organisme. La technique ARNi nécessite O¶LQWURGXFWLRQG¶XQ$51
double brins (ARNdbGRQWODVpTXHQFHHVWVSpFLILTXHGHO¶$51PHVVDJHUjGpJUDGHU(Fire et 
al. 1998). La comparaison du phénotype des individus traités par ARNi en avec celui des 
individus non traités permet par la suite de déterminer la fonction du gène.  
 
  
Cependant, le moyen utilisé pour introduire les ARN doubles brins peut être un facteur 
limitant pour utiliser cette technique chez les insectes (Walshe et al. 2009). Une méthode 
couramment utilisée chez les insectes consiste à injecter des ARN doubles brins grâce à une 
Figure 31 : 3ULQFLSHGH O¶$51 LQWHUIpUHQW : De longs 
ARN doubles brins sont introduit dans le modèle 
biologique étudié. Là ils sont digérés en petits ARN 
interférents par une Ribonucléase de type III (Dicer). 
Un ensemble de protéines appelé Argonaute va 
« sélectionner » les petits ARN interférents le 
complexe formé (complexe RISC) va induire le silence 
des ARN. Ce complexe est responsable de la 
dégradation des ARN messagers possédant une 
VpTXHQFHKRPRORJXHDXSHWLW$51LQWHUIpUHQW/¶$51
messager est dégradé OD SURWpLQH Q¶HVW SDV WUDGXLWH : 
O¶H[SUHVVLRQ GX JqQH HVW VWRSSpH Pour résumer, ce 
mécanisme permet GHGLPLQXHUO¶H[SUHVVLRQG¶XQJqQH
de façon spécifique et post-transcriptionnelle dans tout 
O¶RUJDQLVPH RX OD FHOOXOH SDU O¶LQWURGXFWLRQ G¶$51
double brins (ARNdb) dont la séquence est spécifique 
des ARN messagers à dégrader (Napoli et al. 1990, 
Fire et al. 1998). 
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micro-seringue. Cette technique a montré son efficacité à travers de nombreuses études 
(Tabunoki et al. 2004, Lynch et Desplan 2006, Jaubert-Possamai et al. 2007)PDLVO¶LQMHFWLRQ
SRVVqGHOHGpIDXWG¶rWUHXQHPpWKRGHLQYDVLYHTXLJpQqUHVRXYHQWXQVWUHVVHWXQHPRUWDOLWp
élevée chez les individus injectés. Walshe et al., en 2009 ont montré, chez la mouche tsé-tsé 
Glossina morsitans morsitans, TXHO¶LQJHVWLRQpWDLWDXVVLHIILFDFHTXHO¶LQMHFWLRQSRXUinhiber 
O¶H[SUHVVLRQG¶XQJqQHGHODUpSRQVHLPPXQHTsetseEP) exprimé dans le canal alimentaire. 
&HWWH WHFKQLTXH SDU LQJHVWLRQ V¶HVW pJDOHPHQW PRQWUpH HIILFDFH GDQV G¶DXWUHV pWXGHV $LQVL
l¶Lncorporation des ARN double brins dans la nourriture de plusieurs espèces de coléoptères a 
permis dHVXSSULPHUO¶H[SUHVVLRQGHJqQHVLPSOLTXpV dans la croissance ou la survie, tels que 
des ATPase vacuolaires (Baum et al. 2007). /¶expression in planta G¶$51GE ingérés par 
Helicoverpa armigera DSHUPLVG¶LQKLEHU O¶H[SUHVVLRQ G¶un CYP impliqué dans la tolérance 
au gossypol (Mao et al. 2007). Plus récemment, (Bautista et al. 2009) ont réussi à inhiber 
O¶H[SUHVVLRQ GH CYP6BG1 SDU LQJHVWLRQ G¶$51GE et ainsi démontrer son rôle dans la 
résistance à la perméthrine chez le lépidoptère Plutella xylostella. 
Chez les moustiques, cette approche a été utilisée essentiellement par injection 
G¶$51GE chez des adultes. Chez An. gambiae par exemple, la diminution drastique de 
O¶H[SUHVVLRQ GH OD 1$'3+ F\WRFKURPH 3 UpGXFWDVH &35 GDQV OHV RHQRF\WHV HW GH
PDQLqUHPRLQGUHGDQVO¶pSLWKpOLXPGHO¶LQWHVWLQDFRQGXLWjXQHGLPLQXWLRQGHODWROpUDQFHGHV
adultes vis-à-vis de la perméthrine (Lycett et al. 2006). Chez Ae. aegypti O¶H[WLQFWLRQ GH
O¶expression du gène per (Period clock gene, gène impliqué dans les rythmes circadiens) a 
conduit à une diminution de la tolérance des moustiques vis-à-vis de la perméthrine (Yang et 
al. 2010). Beaucoup PRLQVG¶pWXGHVRQWWHQWpG¶inhiber O¶H[SUHVVLRQGHJqQHVFKH]OHVODUYHV
GH PRXVWLTXHV &HSHQGDQW LO D pWp PRQWUp SDU LQMHFWLRQ G¶$51GE TXH OD GLPLQXWLRQ GH
O¶H[SUHVVLRQ GX JqQH AeSCP-2 (codant pour une protéine impliquée dans le transport des 
VWpUROVFKH]OHVODUYHVG¶Ae. aegypti HQWUDLQDLWXQGpIDXWGXGpYHORSSHPHQWGHO¶DGXOWHHWXQH
GLPLQXWLRQ GH OD YLDELOLWp GHV °XIV (Blitzer et al. 2005). Plusieurs gènes potentiellement 
impliqués dans le métabolisme des insecticides ont été identifiés au cours de cette thèse chez 
OHVODUYHVG¶Ae. aegypti. La plupart de ces gènes codent pour des CYPs (CYP6Z6, CYP6Z8, 
CYP6N12, CYP6M11). Pour confirmer la fonction de ces gènes, nous avons donc tenté 
G¶XWLOLVHU OD WHFKQLTXH GH O¶$51 LQWHUIpUHQW FRXSOpH j GHV ELRHVVDLV VXU GHV ODUYHV GH
PRXVWLTXHV/¶LQWpUrWGHFHWWH WHFKQLTXHHVWGHSRXYRLUVXSSULPHU O¶H[SUHVVLRQG¶XQJqQHHW
HQVXLWHG¶REVHUYHUOHVHIIHWVDXQLYHDXGXSKpQRW\SH$LQVLVi la sur-H[SUHVVLRQG¶XQJqQe de 
détoxication permet aux larves G¶DFTXpULUXQH tolérance accrue à un insecticide donné, alors 
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son 'silencing' par ARN interférent pourrait ou devrait avoir pour conséquence de réduire cette 
tolérance, permettant ainsi de GpPRQWUHUVRQU{OHGDQVODUpVLVWDQFHjO¶LQVHFWLFLGH Différentes 
méthodes par injection ou ingestion ont été testées au cours de ma thèse pour ces 
expérimentations (Figure 32). 
Dans un premier temps, nous avons cherché à mettre au point les méthodes 
G¶H[WLQFWLRQ GH JqQHV SDU LQJHVWLRQ G¶$51GE VXU ODUYHV G¶Ae. aegypti (méthodes 1 et 2, 
Figure 32) car elles sont non invasives, moins stressantes pour les larves et plus simples à 
mettre en place que la méthode par injectiRQ&HSHQGDQWHOOHVQ¶RQWHQFRUHMDPDLVpWpPLVHV
au point chez les larves de moustiques. Nous avons donc également testé la méthode par 
LQMHFWLRQ G¶$51GE PpWKRGH  Figure 32) qui avait déjà montré son efficacité sur 
moustiques adultes mais aussi sur larves. 
  
Figure 32 : $SSURFKH H[SpULPHQWDOH XWLOLVpH SRXU O¶LQKLELWLRQ SRVW-transcriptionnelle (« silencing ») de 
gènes CYPs FKH] OHV ODUYHV G¶Aedes aegypti : 1. « Silencing ª SDU LQJHVWLRQ G¶$51 GRXEOH EULQV 







I/ Approche par ingestion ǯ brins 
 Les ARNs double EULQVXWLOLVpVSRXU O¶LQJHVWLRQSDU OHV ODUYHVGHPRXVWLTXHVRQWpWp
synthétisés soit in vitro j O¶DLGHG¶XQH$51SRO\PpUDVHHWG¶XQNLWFRPPHUFLDO VRLW in vivo 
dans des bactéries dans lesquelles un plasmLGH G¶H[SUHVVLRQ GHV $51V GRXEOH brins a été 
incorporé.   
1/ Production in vitro des ARNs double brins 
Cette méthode a consisté à synthétiser les ARNs double EULQV$51GEjSDUWLUG¶XQ
kit commercial (Megascript T7, Ambion) (Figure 33). Plusieurs CYPs (CYP6Z6, CYP6Z8, 
CYP6M11, CYP6N12) ont été séquencés par Emilie Guittard et Chantal Dauphin-Villemant 
8QLYHUVLWp3LHUUHHW0DULH&XULHSXLVFORQpVGDQVXQYHFWHXUG¶H[SUHVVLRQS,%9-His. En 
parallèle, QRXVDYRQVREWHQXVGHO¶RUJDQLVPH$GGJHQH0$86$XQSODVPLGHG¶H[SUHVVLRQ
des ARNdb du gène codant pour la protéine fluorescente GFP (« Green Fluorescent 
Protein ª QRQ SUpVHQWH FKH] OHV LQVHFWHV DILQ TX¶LO VHUYH GH WpPRLQ QpJDWLI LQMHFWLRQ
G¶$51GE Vans cible chez le moustique). La matrice ADN double brin nécessaire pour la 
transcription in vitro GHV$51GESDUO¶$51SRO\PpUDVH7DpWpREWHQXHSDU3&5DYHFGHV
DPRUFHVVSpFLILTXHV8QFRQWU{OHSDUPLJUDWLRQVXUJHOG¶DJDURVHjDSHUPLVGHFRQWU{OHU
la présence des ARNs double EULQVV\QWKpWLVpV'HVODUYHVG¶Ae. aegypti de stade II/III sont 
HQVXLWHSODFpHVGDQVXQHVROXWLRQG¶$51GEGXJqQHCYP étudié ou GFP (témoin) pendant 16 
KHXUHV  ODUYHV GH VWDGH ,,,,, SRXU  O GH VROXWLRQ G¶$51GE FRQFHQWUpH à 500 ng/µl). 
(OOHV VRQW HQVXLWH WUDQVIpUpHVGDQVGH O¶HDX VDQV$51GEDYHFGH ODQRXUULWXUH HW KHXUHV
après, les premiers lots de larves sont utilisés pour en extraire les ARN totaux (premier pas de 





Figure 33 : 3URWRFROHGHV\QWKqVHHWG¶LQJHVWLRQG¶$51GRXEOH brins à des larves de stades III puis vérification 
par PCR quantitative 
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Cette méthode a été testée sur les 3 CYPs CYP6Z6, CYP6Z8, CYP6N12 mais ne nous a 
SDVSHUPLVG¶REWHQLUGHrésultats concluants. Pour CYP6Z8, des baisses de 30% à 50% de la 
quantité de transcrits ont pu être observées (Figure 34) mais ces résultats étaient peu 
reproductibles G¶XQHH[SpULPHQWDWLRQjO¶DXWUH HWQ¶RQWSDVSHUPLVGHGpJDJHUGHGLIIpUHQFH
significative en fonction du traitement (stage Romain Blanc-Mathieu, Master 1).  
 
Figure 34: Quantification relative des transcrits CYP6Z8 (± erreur standard) chez des larves exposées 16 heures 
ou non aux ARNdb (500 ng/µL). Pour chaque temps, la quantité de transcrits est normalisée par rapport aux 
témoins GFP. Les mesures sont effectuées sur 3 temps : 0, 6h30 et 30h30 après exposition aux ARNdb. 
 
1RXVDYRQVHQVXLWHWHQWpG¶RSWLPLVHUFHWWHDSSURFKHHQWUDYDLOODQWVXUGHVODUYHVSOXV
MHXQHV VWDGH ,, SUpFRFH DYHF SOXVLHXUV SKDVH G¶LQJHVWLRQ G¶$51GE encapsulés dans un 
agent de transfection, la lipofectamine 2000 ,QYLWURJHQDILQG¶DPpOLRUHUOHXUSpQpWUDWLRQj
travers les tissus larvaires. En effet, une étude récente a montré que la lipofectamine, qui 
déstructure les membranes et facilite le passage des ARNdb dans les cellules, améliore de 
façon significative la pénétration des ARNdb ingérés chez les insectes (Whyard et al. 2009). 
Dans notre cDVFHWWHDSSURFKHQHQRXVDSDVSHUPLVG¶DPpOLRUHUO¶HIILFDFLWpGHO¶DSSURFKHSDU
ingestion des ARNdb dans les conditions testées. 
2/ Production in vivo des ARNs double brins par des bactéries 
Cette approche vise à faire produire les ARNs double brins par des bactéries (Figure 
35 &HV EDFWpULHV VRQW LVVXHV G¶XQH VRXFKH G¶Escherichia coli (souche HT115(DE3)) 
résistante à la tétracycline et déficiente en RNAse III, enzyme capable de dégrader les 
ARNdb. En outre, ces bactéries possèdent un gène codant pour une ARN T7 polymerase 
inductible par IPTG (isopropyl-ȕ-D-thiogalactopyranoside SHUPHWWDQW DLQVL G¶LQGXLUH OD


































































Ces bactéries ont été transformées avec le plasmide L4440 contenant la portion de 
VpTXHQFHFRPSOpPHQWDLUHGXJqQHFLEOpH/¶LQWpUrWGHFHYHFWHXUHVWTX¶LOSRVVqGHGHSDUWHW
G¶DXWUHGX site multiple de clonage deux promoteurs T7, essentiels pour la transcription des 
ARNdb. Il possède également un gène de résistance à l¶DPSLFLOOLQHTXLSHUPHWGHFRQWU{OHUOD
bonne transformation des bactéries. Dans notre étude, nous avons choisi de cloner une 
VpTXHQFH GH  SE FRPSOpPHQWDLUH GH O¶$'1 FRPSOpPHQWDLUH GX JqQH CYP6Z8 dans le 
plasmide L4440 que nous avons ensuite transformé dans des bactéries HT115(DE3) selon le 
protocole de Kamath et al. (2003). Pour le témoin, nous avons transformé ces mêmes 
bactéries avec le plasmide L4440 contenant le gène GFP. Des PCR sur colonies isolées ont 
permis de contrôler la bonne transformation des bactéries avec les plasmides contenant les 
séquences CYP6Z8 ou GFP. Après mise en culture des bactéries transformées, la transcription 
GHV$51GEHVWLQGXLWHSDUDMRXWG¶,37*0GDQVOHPLOLHX4XDWUHKHXUHVDSUqVOHPLOLHX
de culture est centrifugp HW OHV FXORWV EDFWpULHQV VRQW UHVXVSHQGXV GDQV GH O¶HDX WUDLWpH DX
DEPC (diéthylpyrocarbonate) pour atteindre une DO600nm de 0.350 (Dose maximale 
Q¶HQWUDvQDQWDXFXQHPRUWDOLWpFKH]OHVODUYHVGHPRXVWLTXHV/HVODUYHVVRQWHQVXLWHSODFpHV
dans cette susSHQVLRQEDFWpULHQQH&HWWHGRVHDpWpFKRLVLHFDUHOOHQ¶HQWUDvQHSDVGHPRUWDOLWp
chez les larves avec des bactéries non transformées. 
Afin de vérifier la bonne production des ARNdb par les bactéries, les ARN totaux ont 
été extraits à partir de bactéries LQGXLWHV RX QRQ j O¶,37* /D PLJUDWLRQ VXU JHO GHV $51
totaux issus des bactéries induites ou non permet de contrôler la production des ARNdb. 
Malgré cela, cette méthode testée sur CYP6Z8 QHSHUPHWSDVG¶REWHQLUGHUpVXOWDWVFKH] OHV
larves. Aucune baisse significative des transcrits de CYP6Z8 Q¶HVW REVHUYpH SRXU OHV
différents temps post-LQJHVWLRQ WHVWpV MXVTX¶j  KHXUHV DSUqV OD ILQ GH O¶LQJHVWLRQ GHV
ARNdb).  
3DUODVXLWHQRXVDYRQVpPLVO¶K\SRWKqVHTXHFHWWHDEVHQFHG¶effet pouvait être liée à 
XQ PDXYDLV SDVVDJH GHV $51GE DX WUDYHUV GH OD SDURL GH O¶LQWHVWLQ /D PHPEUDQH
péritrophique peut également constituer un frein au passage des ARNdb puisque chez les 
ODUYHVGHPRXVWLTXHVHOOHVpSDUHOHERODOLPHQWDLUHGHO¶pSLWKplium intestinal et protège aussi 
O¶LQVHFWHGHVDWWDTXHVEDFWpULHQQHVHWSDUDVLWDLUHV'DQVXQHpWXGH(Edwards et Jacobs-Lorena 
2000)ODPHPEUDQHSpULWURSKLTXHGHODUYHVG¶Ae. aegypti et An. gambiae a pu être détruite en 
exposant les larves durant quelques heures au dithiothreitol (DTT), le DTT détruisant les 











Nous avons donc traité les larves au DTT pendant 16 heures (Figure 36) avant leur 
mise en présence avec les bactéries produisant les ARNdb. Comme précédemment, aucune 
baisse significative de la quantité de transcrits de CYP6Z8 Q¶HVW constatée par RT-qPCR 
chez les larves traitées en comparaison des larves traitées avec les ARNdb GFP (Figure 37). 
 
Figure 37: Quantification relative des transcrits CYP6Z8 72 et 96 heures après OHGpEXWGHO¶H[SRVLWLRQGHODUYHV
G¶Ae. aegypti (stades 2/3) à des bactéries exprimant des ARNdb (HT115-GFP et HT115-Z8) ou non (HT115).  
En parallèle, les mêmes traitements ont été appliqués sur des larves exposées préalablement au DDT. Les valeurs 
(± erreurs standards) sont  normalisées par rapport au traitement GFP. Pour chaque traitement, trois réplicats de 



































































Figure 36: Destruction de la membrane péritrophique chez les larves d'Aedes aegypti par traitement au 
DTT. Coloration au bleu de dextran chez des larves non exposées au DTT (A) et exposées durant 16 heures à 7 




 (QSDUDOOqOHO¶DSSURFKHFODVVLTXHSDULQMHFWion a également été testée sur les larves au 
laboratoire avec les ARNdb précédemment synthétisés in vitro (kit Megascript T7, Ambion). 
/HV LQMHFWLRQV RQW pWp UpDOLVpHV G¶XQH SDUW VXU ODUYHV HW G¶DXWUH SDUW VXU DGXOWHV DILQ GH
comparer les effets obtenus sur les différents stades de développement. 
 $LQVLQOG¶$51GEjJORQWpWpLQMHFWpVVRLWHQYLURQQJG¶$51GEHQWUH
OD WrWH HW OH WKRUD[ GH ODUYHV G¶Ae. aegypti j O¶DLGH G¶XQ PLFURLQMHFWHXU 1DQRMHFW ,,
(Drummond) (Figure 38). Un colorant alimentaire est aMRXWpDX[$51GEDILQGHV¶DVVXUHUGH
la pénétration du mélange dans la larve. Après injection, les larves sont immédiatement 
tUDQVIpUpHV GDQV GH O¶HDX FODLUH /H OHQGHPDLQ GH O¶LQMHFWLRQ OHV ODUYHV VRQW QRXUULHV
normalement et 24 heures après, les premiers lots de larves sont utilisés pour les extractions 
G¶$51WRWDX[SDUODPpWKRGHDX7UL]RO 
  
3RXU OHV DGXOWHV  QO G¶$51GE j  JO VRLW SOXV GH  QJ G¶$51GE RQW pWp
injectés dans le thorax de femelles adultes âgées de 3 jours. Après injection, les femelles sont 
replacées en cage et 72 heures après, elles sont utilisées pour extraire les ARN totaux comme 
précédemment.   
 Après plusieurs expérimentations ciblant plusieurs gènes chez les larves (gènes testés : 
CYP6Z6, CYP6Z8, CYP6M6 et CYP6M11), nos résultats ont montré de faibles diminutions de 
la quantité des transcrits CYP6Z8 et CYP6M6 KDSUqVO¶LQMHFWLRQGHV$51GEFigure 39). 
Cependant, ceVGLPLQXWLRQVQHVRQWSOXVREVHUYpHVKDSUqVO¶LQMHFWLRQ 
A B 
Figure 38: Microinjecteur Nanoject II 
(Drummond) (A) et zone d'injection des 




Figure 39: Quantification relative des transcrits de CYP6Z6, CYP6Z8, CYP6M6 et CYP6M11 après injection 
d'ARNdb GFP ou d'ARNdb  spécifiques des différents gènes ciblés. Un témoin comprenant des larves non 
injectées a également été utilisé. Les valeurs (± erreurs standards) sont normalisées par rapport au traitement 
GFP. Pour chaque traitement, au moins deux réplicats de 20 larves ont été réalisés. 
 
En revanche, chez les adultes, deux gènes CYP6Z6 et CYP6Z8 ont été testés et une 
baisse significative de plus de 85% est observée en RT-qPCR pour le gène CYP6Z6 (Figure 
40) taQGLVTX¶XQHIIHWWUqVOLPLWpjpWpREVHUYpSRXUOHJqQHCYP6Z8. 
  
Figure 40: Quantification relative des transcrits CYP6Z6 72h après injection d'ARNdb GFP ou ARNdb 
CYP6Z6. Un témoin comprenant des adultes non injectés a également été utilisé. Les valeurs (± erreurs 
standards) sont  normalisées par rapport au traitement GFP. Pour chaque traitement, deux réplicats de 15 adultes 
ont été réalisés. 
 
(QFRQFOXVLRQGHFHVH[SpULPHQWDWLRQVSDU$51LQWHUIpUHQW$51LVHXOHO¶LQMHFWLRQ
G¶$51GE FKH] OHV DGXOWHV VHPEOH SRXYRLU rWUH HIILFDFH HW VXIILVDPPHQW UHSURGXFWLEOH SRXU












































































































































ODUYDLUH SHXW V¶H[SOLTXHU SDU XQH PDXYDLVH Spnétration des ARNs double brins qui 
Q¶DWWHLJQHQWSDUOHXUFLEOH&RQFHUQDQW OHV WHFKQLTXHVG¶injection HWG¶LQJHVWLRQG¶$51GE, il 
semblerait que les ARNdb atteignent difficilement leur FLEOHSXLVTXHDXQLYHDXODUYDLUHLOQ¶D
SDV pWpSRVVLEOHG¶DIIHFWHU O¶H[SUHVVLRQGH CYP6Z6, alors que cela a été possible au niveau 
adulte avec les mêmes ARNs double brins. Les différentes mues larvaires entraînent des 
changements important au niveau métabolique et au niveau de la transcription de nombreux 
gènes (Clements 1992) SRXYDQW DLQVL PDVTXHU RX GLPLQXHU O¶HIILFDFLWp GHV $51GE Cela 
expliquerait les faibles baisses observées qui ne sont pas maintenues au cours du temps (Pour 
CYP6Z8 et CYP6M6 sur larves). Une autre hypothèse évoquée est celle de la dégradation des 
$51GEGDQVO¶LQWHVWLQGHVODUYHV En effet, un pH élevé peut favoriVHUO¶K\GURO\VHFKLPLTXH
des ARNdb (Price et Gatehouse 2008)2UFKH]OHVODUYHVG¶Ae. aegypti, le pH intestinal peut 
monter à plus de 12 (Clements 1992). Enfin, un mauvais design des ARNdb peut également 
SHUPHWWUHG¶H[SOLTXHU O¶DEVHQFHGHUpVXOWDWV significatifs obtenus pour le gène CYP6Z8 chez 
OHV ODUYHV HW FKH] OHV DGXOWHV &HSHQGDQW QRV UpVXOWDWV GpPRQWUHQW TXH O¶H[WLQFWLRQ GX JqQH
CYP6Z6, dont le patron G¶H[SUHVVLRQHVWDVVH]VLPLODLUHDpWpSRVVLEOHFKH]OHVDGXOWHV&HWWH 
pWXGHDVRXOLJQpODGLIILFXOWpGHPHWWUHDXSRLQWODPpWKRGHG¶$51LQWHUIpUHQWFKH]OHVODUYHV
GHPRXVWLTXHV/HVFDXVHVGH O¶LQHIILFDFLWpGHFHWte méthode sont difficilement identifiables 
en raison de la multitude de facteurs impliqués (gène ciblé, design des ARNdb, quantités 
G¶$51GEjXWLOLVHUGXUpHG¶H[SRVLWLRQHWF«3RXUODVXLWHGHVH[SpULPHQWDWLRQV$51LVXU
larves, il serait judicieux de se focaliser sur le gène CYP6Z6, JqQHGRQWO¶H[SUHVVLRQDSXrWUH












 Les milieux aquatiques sont soumis à un apport continu de matériaux et de composés 
FKLPLTXHV &HV FRPSRVpV SHXYHQW rWUH G¶RULJLQH QDWXUHOOH LVVXV GX IRQFWLRQQHPHQW GH
O¶pFRV\VWqPH GpJUDGDWLRQ GH OD PDWLqUH RUJanique, composés issus du métabolisme 
VHFRQGDLUH GHV SODQWHV HWF RX G¶RULJLQH DQWKURSLTXH LVVXV GH O¶DJULFXOWXUH SHVWLFLGHV
LQGXVWULHV FKLPLTXHV PpWDX[ ORXUGV +$3V 3&%V« HW DXWUHV DFWLYLWpV GLYHUVHV
(médicaments, particules organiques). Les insectes aquatiques et notamment les larves de 
PRXVWLTXHVVRQWSUpVHQWGDQV ODSOXSDUWGHVPLOLHX[DTXDWLTXHVG¶HDXGRXFHVWDJQDQWH$ILQ
GH OXWWHU FRQWUH OHV QXLVDQFHV RFFDVLRQQpHV SDU OHV PRXVWLTXHV O¶KRPPH XWLOLVH GHSXLV GHV
GL]DLQHVG¶DQQpHVGHQRPEUHX[Lnsecticides chimiques. Cependant, ces traitements répétés et 
LQWHQVLIV RQW FRQGXLW j O¶pPHUJHQFH GH PpFDQLVPHV GH UpVLVWDQFH FKH] OHV PRXVWLTXHV
%HDXFRXSG¶pWXGHVV¶LQWpUHVVHQWDX[PpFDQLVPHVGHUpVLVWDQFHGHVLQVHFWHVDX[LQVHFWLFLGHV
'¶DXWUHV VH VRQW IRFDOLVpHV VXU O¶DGDSWDWLRQ GHV RUJDQLVPHV DX[ SHUWXUEDWLRQV
HQYLURQQHPHQWDOHV WHOOHV TXH OD SROOXWLRQ GHV PLOLHX[ DTXDWLTXHV 3DU FRQWUH SHX G¶pWXGHV
WUDLWHQWGHVLQWHUDFWLRQVHQWUHOHVSROOXDQWVUHQFRQWUpVGDQVO¶HQYLURQQHPHQWHWOHVPpFDQLVPHV
de résistance aux insecticides. 
'DQV FH FRQWH[WH PD WKqVH D FKHUFKp j pWXGLHU O¶LPSDFW GHV [pQRELRWLTXHV
environnementaux sur la capacité des moustiques à tolérer ou résister aux insecticides 
chimiques. Pour répondre à cette question complexe, mon travail a porté sur deux niveaux 
WHPSRUHOV G¶LPSDFW GHVSROOXDQWV/HSUHPLHU DYLVp j pWXGLHU O¶HIIHW j FRXUW WHUPH  VHXOH
génération) des polluants sur les moustiques. Autrement dit, comment certains xénobiotiques 
modifient le phénotype toxicologique des larves vis à vis des insecticides, et quels sont les 
mécanismes impliqués ? Le second a cherché à savoir comment les xénobiotiques 
environnementaux agissent sur les populations de moustiques à long terme (plusieurs 
générations), notamment sur la sélection des gènes impliqués dans la résistance aux 
LQVHFWLFLGHV 'DQV O¶HQVHPEOH GH FH FKDSLWUH OH WHUPH GH SODVWLFLWp SKpQRW\SLTXH GpILQLUD
O¶HQVHPEOHGHVUpSRQVHVSKpQRW\SLTXHVSRVVLEOHVjSDUWLUG¶XQPrPHJpQRW\SH(Ghalambor et 
al. 2007) tandis que le terme de résistance sera défini par une modification phénotypique 
héritée de génération en génération.  
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I/ Impact à court terme des xénobiotiques environnementaux 
1/ Complexité des interactions entre les réponses aux xénobiotiques 
et aux insecticides  
Pour comprendre les effets des xénobiotiques à court terme et afin de simplifier au 
maximum le système expérimental,   les larves de moustiques ont été exposées ou non à des 
concentrations sublétales dH SROOXDQWV SXLV HQVXLWH WUDQVIpUpHV GDQV GH O¶HDX FRQWHQDQW
XQLTXHPHQW O¶LQVHFWLFLGHXWLOLVpSRXU OHVELRHVVDLV1RXVDYRQVPRQWUpTXH O¶H[SRVLWLRQGHV
larves à plusieurs xénobiotiques peut améliorer la tolérance des larves de moustiques vis-à-vis 
du même LQVHFWLFLGH 5pFLSURTXHPHQW O¶H[SRVLWLRQ GHV ODUYHV GH PRXVWLTXHV j XQ
xénobiotique donné peut augmenter leur tolérance vis-à-vis de plusieurs insecticides 
FKLPLTXHVGLIIpUHQWV'HSOXV O¶DXJPHQWDWLRQGH WROpUDQFHHVWGLUHFWHPHQW OLpHj ODdose de 
xénobiotique XWLOLVpH SRXU O¶H[SRVLWLRQ DLQVL TX¶DX WHPSV G¶H[SRVLWLRQ. Ainsi, pour une 
GXUpHG¶H[SRVLWLRQGRQQpH OD WROpUDQFH DXJPHQWH DYHF ODGRVH MXVTX¶j XQHFHUWDLQH OLPLWH
'HPrPHSRXUXQHGRVHGRQQpH OD WROpUDQFHDXJPHQWHDYHF ODGXUpHG¶H[SRVLWLRQ MXVTX¶j
DWWHLQGUHXQPD[LPXPG¶HIIHW 
Dans cette thèse nous avons choisi de nous focaliser sur les interactions biotiques entre 
xénobiotiques environnementaux et insecticides chimiques au niveau de la réponse des  
moustiques à ces composés. Il serait aussi LQWpUHVVDQWG¶pWXGLHUOHVHIIHWVGHcompétition ou 
de synergie qui peuvent exister entre les xénobiotiques et les insecticides en réalisant les 
bioessais avec les insecticides en présence de xénobiotiques environnementaux. En effet, les 
milieux aquatiques dans lesquels se développent les moustiques constituent de véritables 
« zones puits » pour les xénobiotiques. Dans ce contexte, les traitements insecticides sont 
UpDOLVpVGHPDQLqUHFRQFRPLWDQWHjO¶H[SRVLWLRQDX[SROOXDQWVSUpVHQWVGDQVOHPLOLHX$LQVL 
GDQVO¶K\SRWKqVHRXQ[pQRELRWLTXHGRQQpLQGXLWGHVHQ]\PHVFDSDEOHVGHOHPpWDEROLVHUOXL
HW O¶LQVHFWLFLGH XWLOLVp SRXU OH ELRHVVDLV DORUV RQ SHXW V¶DWWHQGUH j GHV SKpQRPqQHV GH
FRPSpWLWLRQ GDQV OD PpWDEROLVDWLRQ GH O¶LQVHFWLFLGH HW GX [pQRELRWLTXH HQWrainant des 
YDULDWLRQVGHWROpUDQFHGHVPRXVWLTXHVjO¶LQVHFWLFLGH$O¶RSSRVpRQSHXWDXVVLV¶DWWHQGUHj
GHVPpFDQLVPHVGHV\QHUJLHHQWUH[pQRELRWLTXHVHQYLURQQHPHQWDX[HWLQVHFWLFLGHVVRXVO¶HIIHW
G¶LQWHUDFWLRQVFKLPLTXHVHQWUHPROpFXOHVRUJDQLTXHVGLIIérentes. Un autre résultat important, 
HQFRUHMDPDLVGpPRQWUpjQRWUHFRQQDLVVDQFHHVWOHIDLWTX¶H[SRVHUGHVODUYHVGHPRXVWLTXHj
des xénobiotiques et notamment au HAP fluoranthène durant leur développement peut 
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augmenter la tolérance des moustiques adultes à certains insecticides. Ainsi, malgré les 
profonds changements métaboliques et physiologiques provoqués par le stade nymphal et la 
métamorphose (Clements 1992)LOVHPEOHUDLWTXHOHVPpFDQLVPHVHQWUDvQDQWO¶DXJPHQWDWLRQ
GH WROpUDQFH VRLHQW PDLQWHQXV MXVTX¶DX VWDGH DGXOWH Figure 18, Chapitre II). Les 
expérimentations présentées dans cette thèse sont préliminaires et il serait intéressant de les 
poursuivre, afin notamment de mesurer les activités globales des enzymes de détoxication 
chez les adultes après exposition des larves aux polluants et aussi de vérifier si les mêmes 
gènes sont induits chez les larves et les adultes après exposition au fluoranthène. Le dosage de 
ce HAP chez les larves et les adultes après une exposition larvaire permettrait aussi de savoir 
VL O¶HIIHW REVHUYp FKH] OHV DGXOWHV HVW XQLTXHPHQW OD FRQVpTXHQFH GHV FKDQJHPHQWV
métaboliques induits chez les larves ou bien si la pénétration du xénobiotique et son 
élimination métabolique se poursuit au stade adulte. En effet, une accumulation dans les tissus 
larvaires HW DGXOWHV HQWUDLQHUDLW OH PDLQWLHQ GH O¶LQGXFWLRQ GH FHUWDLQHV HQ]\PHV GH
détoxication et par conséquence le maintien GHO¶DXJPHQWDWLRQGHWROpUDQFHjO¶LQVHFWLFLGH 
De manière plus globale, ces UpVXOWDWV VRXOLJQHQW O¶LPSRUWDQFH GH SUHQGUH HQ
FRQVLGpUDWLRQ O¶HQYLURQQHPHQW FKLPLTXH GDQV OHTXHO JUDQGLVVHQW OHV ODUYHV SRXU O¶pWXGH GHV
niveaux de tolérance non seulement larvaire mais aussi adulte aux insecticides. Cela confirme 
aussi certaines observations de terrain montrant que les moustiques issus de zones agricoles 
ou plus généralement polluées par des composés organiques tolèrent mieux les insecticides 
(Akogbeto et al. 2006, Djouaka et al. 2007, Ranson et al. 2009, Yadouleton et al. 2009). 
Cependant, ces augmentations de tolérance/résistance aux insecticides observées sur le terrain 
peuvent également être le fait de la résistance croisée avec les pesticides utilisés en agriculture 
(effet à long terme des polluants).  
2/ Mécanismes impliqués dans les interactions biotiques entre 
polluants et insecticides chez les moustiques 
3DU GHV DSSURFKHV ELRFKLPLTXHV QRXV DYRQV PRQWUp TXH O¶H[SRVLWLRQ GHV ODUYHV GH
moustiques à des doses sublétales de xénobiotiques augmente leurs activités globales P450s et 
GSTs. Grâce à une puce à ADN représentant les gènes de détoxication, nous avons pu 
montrer que O¶H[SUHVVLRQ de nombreux gènes, majoritairement des CYPs était induite suite à 
O¶H[SRVLWLRQGHVODUYHVDX[[pQRELRWLTXHVCes résultats sont en accord avec un rôle potentiel 
des CYPs dans la protection des insectes contre les composés exogènes nocifs (Despres et al. 
2007, Feyereisen 2005). Parmi ces CYPs potentiellement impliqués dans le métabolisme des 
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xénobiotiques, beaucoup appartiennent à la famille des CYP6 FHTXLFRQILUPHO¶LPSOLFDWLRQGH
cette famille, fortement diversifiée chez les moustiques, dDQVO¶DGDSWDWLRQDX[[pQRELRWLTXHV
et insecticides (Feyereisen 2005). Par comparaison des séquences protéiques, nous avons 
également montré que certaines enzymes sont très proches de celles capables de métaboliser 
certains insecticides FKH] G¶DXWUHV LQVHFWHV &¶HVW OH FDV GH &<3= HW &<3= TXL
appartiennent à la même sous-famille que CYP6Z1 chez An. gambiae capable de métaboliser 
le DDT (Chiu et al. 2008) ou CYP6M11 et CYP6N12, proches de CYP6M2, enzyme 
VXUH[SULPpHFKH]GHV VRXFKHVG¶An. gambiae résistantes aux pyréthrinoïdes (Djouaka et al. 
2008). Récemment, CYP6M2 a également été montré capable de métaboliser la perméthrine 
(B. Stevenson, communication personnelle). Les gènes mis en évidence FRQVWLWXHQWG¶DXWDQW
plus GHERQVJqQHVFDQGLGDWVTX¶LOVVRQWSUpIpUHQWLHOOHPHQWWUDQVFULWVGDQVGHVWLVVXVVRXYHQW
impliqués dans la détoxication de xénobiotiques, comme le canal alimentaire et les tubes de 
Malpighi (Chung et al. 2007, Yang et al. 2007). Les GSTe4 et GSTe7 (Publication II), sont 
quant à elles proches de GSTe2 chez An. gambiae capable de métaboliser le DDT (Ortelli et 
al. 2003). Elles ont aussi souvent été mises en évidence chez les populations de moustiques 
résistantes aux pyréthrinoides (Publications VI et VII, Strode et al., 2008).  
Cependant, les CYPV HW*67VQH VRQWSDV OHV VHXOHV IDPLOOHVG¶HQ]\PHV LPSOLTXpHV
GDQVODUpSRQVHGHVODUYHVGHPRXVWLTXHVjO¶H[SRVLWLRQDX[[pQRELRWLTXHV3DUXQHDSSURFKH
de « screening ª GH O¶ensemble de transcriptome (Publication III), nous avons montré que 
O¶H[SRVLWLRQGHVODUYHVGHPRXVWLTXHVjGHWUqVIDLEOHVGRVHVGHFHUWDLQV[pQRELRWLTXHVLQGXLW
non seulement des gènes codant pour des enzymes de détoxication mais également des gènes 
codant pour des protéines cuticulaires. La formation de la cuticule peut en effet être 
influencée par des stress environnementaux (Zhang et al. 2008). En exposant des daphnies à 
un insecticide (carbamate) ou à un herbicide (acétanilide), une autre étude a montré que 
plusieurs gènes codant pour des protéines cuticulaires étaient induits (Pereira et al. 2010). De 
SOXVODFRPSRVLWLRQHWO¶pSDLVVHXUGHODFXWLFXOHSRXYDQWGLUHFWHPHQWPRGLILHUODSpQpWUDWLRQ
GHO¶LQVHFWLFLGHGDQVO¶RUJDQLVPH(Vontas et al. 2007, Djouaka et al. 2008), ces changements 
peuvent avoir des effets non négligeables sur la tolérance des moustiques aux insecticides. 
'¶DXWUHV JqQHV FRGDQW SRXU GHV  SURWpLQHV LPSOLTXpHV GDQV OD UpSRQVH DX VWUHVV VWUHVV
R[\GDQWSURWpLQHVGHODFKDLQHGHWUDQVSRUWG¶pOHFWURQVPLWRFKRQGULDO«sont induits par les 
xénobiotiques. Des répoQVHVVLPLODLUHVOLpHVDXFKDQJHPHQWGHO¶HQYLURQQHPHQWFKLPLTXHRQW
été observées GDQV G¶DXWUHV pWXGHV  (Williams et al. 2008). Certains gènes codant pour des 
HQ]\PHV LPSOLTXpHV GDQV OD SURGXFWLRQ RX GDQV OH FDWDEROLVPH FHOOXODLUH FRPPH O¶$73
236 
 
synthase, la NADPH déshydrogénase, les trypsines et lipases sont communément induits par 
de nombreux xénobiotiques, ce qui suggère une réponse globale au stress (Palmfeldt et al. 
2009, Pereira et al. 2010). Cependant, une des difficultés majeures de cette étude aura été de 
GLIIpUHQFLHU OD UpSRQVH JOREDOH DX VWUHVV HW OD UpSRQVH VSpFLILTXH j O¶H[SRVLWLRQ j FHUWDLQV
xénobiotiques. De SOXVODTXHVWLRQGHO¶LPSDFWGHODUpSRQVHJOREDOHDXVWUHVVVXUODWROpUDQFH
des moustiques aux insecticides se pose. En effet, dans les études écotoxicologiques de 
terrain, il a été montré que la réponse globale au stress constituait un facteur déterminant dans 
la réponse des organismes aux stress chimiques. Ainsi, le stress global provoqué par 
O¶H[SRVLWLRQ GHV ODUYHV GH PRXVWLTXHV DX[ SROOXDQWV SRXUUDLW DXJPHQWHU GH IDoRQ QRQ
spécifique la résistance des larves aux insecticides. Chez les nématodes par exemple, après 
DSSOLFDWLRQ G¶XQ VWUHVV WKHUPLTXH FKH] GHV LQGLYLGXV H[SRVpV RX QRP j GHV [pQRELRWLTXHV
O¶LQWHQVLWpGHODUpSRQVHHQPLOLHXSROOXpHVWVXSpULHXUH(van der Wurff et al. 2007). 
&HVUpVXOWDWVVRXOLJQHQW ODFRPSOH[LWpGHVPpFDQLVPHVG¶LQGXFWLRQUpSUHVVLRQFURLVpV
entre xénobiotiques et montrent que les gènes de détoxication GRQW O¶pWXGH D pWp 
principalement abordée au cours GH FHWWH WKqVH QH FRQVWLWXHQW YUDLVHPEODEOHPHQW TX¶XQH
partie des mécanismes moléculaires impliqués dans la réponse aux xénobiotiques. Nos 
résultats semblent aussi indiquer que la réponse adaptative des moustiques aux xénobiotiques 
(y compris aux insecticides chimiques) est le plus VRXYHQWG¶RULJLQHPXOWLgénique et non la 
FRQVpTXHQFHGHODPRGLILFDWLRQG¶XQVHXOORFXV 
Les gènes de détoxication constituent des familles géniques GRQW O¶H[SUHVVLRQ HVW
régulée par de nombreux facteurs intrinsèques (sexe, système immunitaire, stade de 
développement, etc.) et extrinsèques (température, alimentation, environnement chimique 
etc.) (Feyereisen 2005) /¶LQGXFWLRQ GHV HQ]\PHV GH GpWR[LFDWLRQ SHXW rWUe la conséquence 
G¶LQWHUDFWLRQVFRPSOH[HVHQWUHGHVIDFWHXUVGHUpJXODWLRQ trans et des éléments de régulation 
cis présents en amont où au sein des gènes (Waxman 1999, Xu et al. 2005). Certaines 
séquences cis UpJXODQW O¶H[SUHVVLRQGHVHQ]\PHVGHGpWR[LFDWLRQRQWpWp LGHQWLILpHVFKH] OHV
insectes (McDonnell et al. 2004). Nous pouvons citer entre autres la séquence XRE 
(xenobiotic response element) sur laquelle se fixe le récepteur Ah des HAPs et de la dioxine 
(McDonnell et al. 2004, Brown et al. 2005) ou encore la séquence EcRE (ecdysone response 
HOHPHQWVXUODTXHOOHVHIL[HOHUpFHSWHXUjO¶KRUPRQHGHPXHFKH]ODGURVRSKLOH(Gilbert et al. 
2002) &RQFHUQDQW OHV PpFDQLVPHV GH UpJXODWLRQ LPSOLTXpV GDQV O¶LQGXFWLRQ GHV JqQHV GH
détoxication chez Ae. aegypti, nos études in silico ne nous ont pas permis de dégager de 





(Publication II). Afin de préciser le rôle des éléments de régulation dans la réponse des 
PRXVWLTXHV DX[ [pQRELRWLTXHV HW LQVHFWLFLGHV G¶DXWUHV H[Sérimentations plus lourdes sont 
nécessaires. Par exemple, chez D. melanogaster, une étude a permis de situer la région ou se 
WURXYDLHQW OHVpOpPHQWVGHUpJXODWLRQ LPSOLTXpHVGDQV O¶LQGXFWLRQGHGHX[JqQHVCYP6A2 et 
CYP6A8 VXU FHOOXOHV G¶LQVHFWHV HW drosophiles mutantes). En couplant le gène Luc codant 
pour la luciférase avec différentes portions des régions en amont de ces deux gènes, les 
auteurs ont montré que les éléments de régulation activés par la caféine se trouvaient 
dispersés dans les régions -983/-126 et -761/-109 pour CYP6A2 et CYP6A8. Dans ces régions 
se trouvent de nombreux sites de fixation pour la protéine activatrice I (AP1) et pour les 
SURWpLQHVDFWLYDWULFHVG¶pOpPHQWVGHUpSRQVH$03F\FOLTXH&5(-BP) (Bhaskara et al. 2006). 
De façon similaire, des études approfondies des régions promotrices des gènes de détoxication 
chez Ae. aegypti, pourraient permettre G¶LGHQWLILHUOHVpOpPHQWVGHUpJXODWLRQLPSOLTXpVGDQV
O¶LQGXFWLRQGHVJqQHVGHGétoxication par les xénobiotiques. 
 
 ?Ȁǯǡ± 
Dans notre étude, dans le but de mieux comprendre les interactions entre différents 
[pQRELRWLTXHVVHXOHVGHVPROpFXOHVLVROpHVHWVXEVWDQFHVDFWLYHVG¶LQVHFWLFLGHVRXKHUELFLdes 
ont été utilisées pour les pré-expositions et/ou les bioessais. Un pesticide commercial est 
JpQpUDOHPHQWIRUPpG¶XQHRXSOXVLHXUVVXEVWDQFHVDFWLYHVHWG¶DGMXYDQWV/DRXOHVPDWLqUHV
actives confèrent la toxicité au pesticide mais sont difficilement utilisables en tant que telles. 
/HV DGMXYDQWV G¶RULJLQHV FKLPLTXHV WUqV YDULpHV YRQW DFFURLWUH O¶HIILFDFLWp HW GRQF OH
UHQGHPHQWGHVVXEVWDQFHVDFWLYHVSDUH[HPSOHHQDPpOLRUDQWODSpQpWUDWLRQGDQVO¶RUJDQLVPH
ciblé. Cependant, des études ont montré que les formulations pouvaient parfois être plus 
toxiques pour les organismes non cibles que les substances actives seules (Schmuck et al. 
1994). Un exemple est celui du glyphosate qui est un herbicide très utilisé dans le monde et 
souvent considéré comme « propre ªG¶XQSRLQWGHYXHHQYLURQQHPHQWDO3RXUWDnt, plusieurs 
études mettent en avant depuis quelques années la nocivité de certaines formulations célèbres 
telles que le Round-up ® et le Vision ® sur les amphibiens notamment. Cette toxicité pour les 
RUJDQLVPHV QRQ FLEOHV VHUDLW OLpH PDMRULWDLUHPHQW j OD SUpVHQFH GDQV OD IRUPXODWLRQ G¶XQ
surfactant largement utilisé : la tallowamine polyethoxylée (POEA) (Servizi et al. 1987, Mann 
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et Bidwell 1999, Relyea et Jones 2009). De mêmeLOVHUDLWLQWpUHVVDQWG¶pWXGLHUO¶LPSDFWGH
certains formulants sur la biologie des larves de moustiques notamment leur capacité à induire 
ou réprimer les enzymes de biotransformation.  
'¶DXWUHV PROpFXOHV SRXUUDLHQW DYRLU XQ LPSDFW QRQ QpJOLJHDEOH VXU OD WROpUDQFH GHV
PRXVWLTXHVDX[LQVHFWLFLGHV&¶HVWQRWDPPHQWOHFDVGHV© safeners » (ou « plant antidotes »), 
souveQW SUpVHQWV GDQV OHV IRUPXODWLRQV G¶KHUELFLGHV XWLOLVpHV HQ DJULFXOWXUH /HV VDIHQHUV
UHSUpVHQWHQWXQJURXSHGHFRPSRVpVFKLPLTXHVWUqVGLYHUVSRVVpGDQWODFDSDFLWpG¶LQGXLUHOD
SURWHFWLRQ GH OD SODQWH G¶LQWpUrW GHV GpJkWV FDXVpV SDU O¶KHUELFLGH VDQV SRXU autant réduire 
O¶HIILFDFLWp GH FHW KHUELFLGH VXU OHV PDXYDLVHV KHUEHV FLEOpHV /H SUHPLHU VDIHQHU
commercialisé a été le naphtalic anhydre en 1971 pour protéger les plants de maïs contre les 
herbicides de la famille des thiocarbamates (Abu-Qare et Duncan 2002). Cette protection de 
ODSODQWHFRQWUHO¶KHUELFLGHSDVVHSDUXQHLQGXFWLRQGHO¶H[SUHVVLRQG¶HQ]\PHVGHGpWR[LFDWLRQ
(CYPV*67VHWDXWUHVFDSDEOHVGHPpWDEROLVHUO¶KHUELFLGH(Riechers et al. 2010). Le spectre 
G¶LQGXFWLRQ GHV VDIHQHUV pWDQW JpQpUDOHPHQW ODUJH LOV VRQW OH SOXV VRXYHQW DSSOLTXpV
GLUHFWHPHQW VXU OD SODQWH RX SUqV GH OD SODQWH TXH O¶RQ YHXW SURWpJHr par pelliculage des 
JUDLQHVSDUH[HPSOH$FWXHOOHPHQWjQRWUHFRQQDLVVDQFH LOQ¶H[LVWHSDVG¶pWXGHVWUDLWDQWGH
pollution environnementale par les safeners. Cependant, si ces composés sont capables 
G¶LQGXLUH OHV HQ]\PHVGHGpWR[LFDWLRQFKH] OHVSODQWHV LO HVWSUREDEOHTX¶LOVHQJHQGUHQWXQ
effet comparable sur ces mêmes enzymes chez les insectes et par conséquent peuven avoir un 
impact sur leur tolérance aux insecticides. 
(QILQQRXVQ¶DYRQVXWLOLVpGDQVQRWUHpWXGHTXHTXHOTXHVPROpFXOHVPRGqOHVDYHFGes 
GXUpHV G¶H[SRVLWLRQ UHODWLYHPHQW FRXUWHV 'DQV FHUWDLQV HQYLURQQHPHQWV DTXDWLTXHV GH WUqV
nombreux polluants peuvent être présents en mélange à des doses variables (Palma et al. 
2010). Etant donné le fort impact démontré de quelques xénobiotiques seuls sur la tolérance 
GHVPRXVWLTXHVDX[ LQVHFWLFLGHV ODTXHVWLRQ GH O¶HIIHW cumulatif de mélanges de différents 
polluants sur la capacité des larves à tolérer les insecticides est posée. De même, étudier 
O¶HIIHW G¶XQH H[SRVLWLRQ DX[ SROOXDQWV SHQGDQW WRXW OH GpYHORSSHPHQW ODUYDLUH GHYUDLW DXVVL
permettre de mieux appréhender les phénomènes susceptibles de se produire dans 
O¶HQYLURQQHPHQW QDWXUHO GHV PRXVWLTXHV $LQVL LO VHUDLW SRVVLEOH GH UpDOLVHU GHV
H[SpULPHQWDWLRQV GH WHUUDLQ SRXU HVVD\HU G¶DSSUpKHQGHU FH SKpQRPqQH GDQV GHV VLWXDWLRQV
réelles. Par exemple, il serait intéressant de réaliVHU GHV SUpOqYHPHQWV G¶HDX[ SURYHQDQW GH
JvWHVODUYDLUHVSROOXpVRXQRQHWG¶\WUDQVIpUHUGHMHXQHVODUYHVGHPRXVWLTXHV sensibles durant 
OHXU GpYHORSSHPHQW DYDQW GH WHVWHU OHXU WROpUDQFH DX[ GLIIpUHQWV W\SHV G¶LQVHFWLFLGHV
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chimiques par bioessais. Après une analyse chimique complète des polluants présents dans 
ces eaux, il devrait être possible de montrer que la présence de certains polluants ou de 
FHUWDLQHV FRPELQDLVRQV GH SROOXDQWV HVW VXVFHSWLEOH GH OLPLWHU O¶HIIHW GHV WUDLWHPHQWV
insecticides. Des analyses moléculaires sur les moustiques issus de ces milieux permettraient 
DORUVG¶LGHQWLILHUOHVPpFDQLVPHVLPSOLTXpV 
 
$X FRXUV GH FHWWH SUHPLqUH SDUWLH O¶LPSDFW GHV [pQRELRWLTXHV VXU OD WROpUDQFH GHV
moustiques a été abordé ainsi que les mécanismes moléculaires potentiellement impliqués 
(effet à court terme). Les gîtes larvaires étant continuellement contaminés par des composés 
anthropogéniques, la question de leur impact sur le long terme se pose. En effet, plusieurs 
études de terrain ont souligné les rôles potentiels des polluants et pesticides utilisés en 
agriculture dans la sélection des mécanismes de résistances aux insecticides. En 2008, une 
étude a mis en évidence O¶LPSDFW potentiel des pesticides utilisés dans les cultures de coton sur 
les niveaux de résistance aux pyréthrinoïdes et les mécanismes de résistance métabolique chez 
An. arabiensis au Cameroun (Muller et al. 2008a). Plus récemment, une autre étude a suggéré 
TXH OHV QLYHDX[ LPSRUWDQWV GH UpVLVWDQFHV REVHUYpV GDQV SOXVLHXUV SRSXODWLRQV G¶Anopheles 
pFKDQWLOORQQpHV GDQV WURLV SD\V DIULFDLQV SRXYDLHQW V¶H[SOLTXHU SDU O¶XWilisation des 
pesticides en agriculture (Ranson et al. 2009). Cependant, cela reste des suppositions et 
O¶LPSDFW GHV xénobiotiques environnementaux sur la sélection de mécanismes de résistance 
SDUWLFXOLHUV Q¶a pu être clairement démontré. Sur le terrain, un grand nombre de facteurs 
environnementaux peuvent influencer les processus de sélection et il est parfois difficile de 
GLVVRFLHUOHVHIIHWVFRPELQpVGHO¶LQGXFWLRQGHFHUWDLQVJqQHVVXLWHjO¶H[SRVLWLRQGHVODUYHVj
certains xénobiotiques (effet à court terme) et de la sélection de mécanismes de résistance 
particuliers (effet j ORQJ WHUPH 3RXU UpSRQGUH j FHWWH TXHVWLRQ G¶DXWUHV DSSURFKHV
notamment en conditions contrôlées de laboratoire sont nécessaires et sont discutées dans le 
paragraphe suivant. 
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II/ Impact des xénobiotiques environnementaux sur le long 
terme. 
1/ Approche expérimentale en laboratoire 
 Afin de démontrer le rôle potentiel des contaminants chimiques environnementaux sur 
les mécanismes de résistance des populations de moustiques, nous avons utilisé une approche 
RULJLQDOH EDVpH VXU O¶pWXGH GH WURLV VRXFKHV G¶Ae. aegypti apparentées, sélectionnées avec 
O¶LQVHFWLFLGH SHUPpWKULQH HW H[SRVpHV RX QRQ j GLIIpUHQWV [pQRELRWLTXHV (QWUH OHV WURLV
souches résistantes à la perméthrine (Noexp-Perm, Fluo-Perm et Perm-Perm), les niveaux de 
résistance ne présentent pas de différences importantes *UkFH j O¶XWLOLVDWLRQ G¶XQH SXFH j
ADN (Agilent Aedes chip 8x 15K) représentant plus de 14  JqQHV G¶Ae. aegypti, nous 
avons montré que O¶H[SRVLWLRQ GH ODUYHV GH PRXVWLTXHV j GHV FRQWDPLQDQWV FKLPLTXHV
pouvait influencer la sélection de FHUWDLQVJqQHVSDUO¶LQVHFWLFLGH(Publication V). En effet, 
un plus grand nombre de gènes différentiellement transcrits ont été identifiés chez les souches 
exposées à des doses sublétales de fluoranthène ou de perméthrine (souche Fluo-Perm et 
Perm-Perm) avant sélection. Un autre résultat intéressant est le plus grand nombre de gènes 
codant pour des enzymes de détoxication retrouvés sur-transcrits (surtout des CYPs) dans les 
souches Fluo-Perm et Perm-3HUP FRQIRUWDQW O¶K\SRWKqVH GH OHXU U{OH GDQV O¶DGDSWDWLRQ GHV
moustiques aux xénobiotiques. Parmi ces gènes, plusieurs sont aussi inductibles par les 
xénobiotiques comme CYP6M11, CYP6N12 et CYP6AG7 confirmant ainsi les interactions 
entre plasticité phénotypique (induction/répression) et sélection (sur- ou sous-expression 
constitutive). Les gènes CYP6M11 ainsi que CYP6AG7 sont également sur-transcrits dans au 
PRLQV XQH VRXFKH G¶Ae. aegypti résistante au pyréthrinoïde deltaméthrine et au téméphos 
(Publication VI) confirmant leur rôle potentiel dans la résistance métabolique.  
Plusieurs UDP-GT sont aussi différemment transcrites chez les différentes souches 
sélectionnées avec la perméthrine. Ces enzymes de phase II sont également connues pour leur 
rôle dans la conjugaison  des xénobiotiques (Kern et al. 1997). Enfin, de nombreux autres 
JqQHVFRGDQWSRXUG¶autres enzymes telles que des deshydrogénases mais aussi des aldo-keto 
réductases sont sur-transcrits chez les souches sélectionnées. Ces résultats suggèrent que 
G¶DXWUHV SURWpLQHV HW HQ]\PHV TXH FHOOHV FODVVLTXHPHQW GLWHV © de détoxication » sont aussi 
VXVFHSWLEOHV G¶rWUH LPSOLTXpHV GDQV OD UpVLVWDQFH GHV PRXVWLTXHV DX[ LQVHFWLFLGHV  HW TXH
G¶DXWUHV PpFDQLVPHV TXH OD PpWDEROLVDWLRQ SHXYHQW DXVVL FRQWULEXHU j la tolérance à 
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OµLQVHFWLFLGH SpQpWUDWLRQ UpGXLWH PHLOOHXU UpSRQVH DX VWUHVV VpTXHVWUDWLRQ SDU GHV HQ]\PHV




[pQRELRWLTXHV Q¶D TXH SHX G¶HIIHW VXU OH QLYHDX GH UpVLVWDQFH (Q HIIHW XQH TXHVWLRQ 
HVVHQWLHOOHjODTXHOOHQRXVQ¶DYRQVSDVSXUpSRQGUHFODLUHPHQWSRXUOHPRPHQWHVWGHVDYRLUVL
O¶H[SRVLWLRQGHVODUYHVGHPRXVWLTXHVjGHVFRQWDPLQDQWVHQYLURQQHPHQWDX[SHXWDFFpOpUHURX
ELHQUDOHQWLUO¶DSSDULWLRQGHODUpVLVWDQFH,OVHUDLWDXVVLLQWpUHVsant de savoir si la résistance se 
maintient chez les adultes étant donné que seules les larves ont été sélectionnées, et si oui, est-
ce que ce sont les mêmes gènes qui sont différentiellement transcrits ? De la même manière, il 
me semble intéressant de teVWHU OD FDSDFLWp GH UpVLVWDQFH GH FKDTXH VRXFKH j G¶DXWUHV
insecticides chimiques que la perméthrine (OPs, OCs, carbamates, néonicotinoides, autres 
S\UpWKULQRLGHV GH PDQLqUH j VDYRLU VL O¶H[SRVLWLRQ DX[ [pQRELRWLTXHV SHXW IDYRULVHU OD
sélection fortuite de gènes impliqués dans la résistance croisée à certains insecticides. Enfin, 
une dernière expérimentation pourrait consister à exposer ou non les larves des trois souches 
UpVLVWDQWHV j FHUWDLQV SROOXDQWV IOXRUDQWKqQH HW SHUPpWKULQH DILQ G¶pYDOXHU HW GH Wenter de 
FRUUpOHU OH SRWHQWLHO G¶LQGXFWLRQ HW GH WROpUDQFH DX[ LQVHFWLFLGHV GH FKDFXQH &H W\SH
G¶H[SpULPHQWDWLRQV DSSRUWHUD DXVVL GH QRXYHOOHV GRQQpHV VXU OD UHODWLRQ HQWUH OD FDSDFLWp
G¶XQH HQ]\PH GH GpWR[LFDWLRQ j rWUH LQGXLWH SDU XQ FRPSRVp FKLPLTXH HW sa capacité à 
métaboliser ce même composé.  
 Afin de valider le rôle de certains gènes dans le métabolisme des pyréthrinoïdes, une 
caractérisation fonctionnelle plus approfondie est nécessaire. Les approches seront discutées 
dans la partie III de la discussion. Enfin, une dernière étude permettant de mieux caractériser 
OHVWURLVVRXFKHVUpVLVWDQWHVVHUDLWG¶pYDOXHUOHFRWGHODUpVLVWDQFHHQPHVXUDQWHQWUHDXWUHVOD
durée de vie des moustiques, les caractères morphologiques, la fécondité des femelles et le 
succès reproductif des mâles, etc. 
 
2/ Validation sur le terrain 
 /¶pWXGHGHSOXVLHXUVSRSXODWLRQVG¶Aedes aegypti multi-résistantes à la deltaméthrine 
et au téméphos en Martinique (Publication VI et VII) a permis de mieux comprendre les 
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mécanismes de résistance. Ces populations présentent une forte fréquence de la mutation kdr 
couplée à de la résistance métabolique. Par ailleurs O¶LQWpUrW SDUWLFXOLHU SRUWp j FHV
populations de Martinique résidait dans les problèmes de pollutions aux pesticides présents 
VXUFHWWH vOH3DUH[HPSOHGDQVFHUWDLQVFRXUVG¶HDXGHVFRQFHQWUDWLRQV MXVTX¶jJ/GH
Chlordécone, un organochloré désormais interdit, ont été trouvées (Bocquene et Franco 2005, 
Coat et al. 2006)%LHQTXHOHVDQDO\VHVHQFRPSRVDQWHSULQFLSDOH$&3Q¶DLHQWSDVPRQWUp
de corrélations significatives entre la pollution aux organochlorées et les mécanismes de 
résistances, plusieurs CYPs comme CYP6M11 et CYP6Z8 sont sur-transcrits chez Ae. aegypti 
à la Martinique. Ces gènes figurent parmi nos gènes candidats potentiellement impliqués dans 
la métabolisation des xénobiotiques. De plus, CYP6M11 est également sur-transcrit chez nos 
trois souches de laboratoire résistantes à la perméthrine, confortant son rôle potentiel dans la 
résistance aux pyréthrinoïdes chez Ae. aegypti. Enfin, ces résultats semblent aussi confirmer 
que certains gènes de détoxication peuvent être induits par des xénobiotiques 
environnementaux et être impliqués dans le métabolisme des insecticides chimiques. 
 'H PDQLqUH JOREDOH FHV pWXGHV GH WHUUDLQ HQ FROODERUDWLRQ DYHF O¶pTXLSH GX /,1 GH
O¶,5' 0RQWSHOOLHU RQW DSSRUWp GH QRPEUHX[ éléments à ce travail de thèse. Concernant 
O¶LPSDFWSRWHQWLHOGHVSROOXDQWVQRWDPPHQWRUJDQRFKORUpVVXUOHVPpFDQLVPHVGHUpVLVWDQFHV
GHVSRSXODWLRQVG¶Ae. aegypti, elles montrent la complexité de travailler sur le terrain compte 
tenu du nombre de paramèWUHV j SUHQGUH HQ FRPSWH HW O¶LPSRUWDQFH GH FRPELQHU FHWWH
approche avec une étude en système simplifié en laboratoire. 
 
ȀǯǼ gène candidat »: une stratégie pour 
identifier les gènes impliqués dans le métabolisme des 
xénobiotiques 
1/ Une multitude de candidats potentiels 
 $ILQGHGpWHUPLQHUTXHOVJqQHVUpSRQGDLHQWSRWHQWLHOOHPHQWj O¶H[SRVLWLRQGHV ODUYHV
aux xénobiotiques, des approches transcriptomiques ont été utilisées.  
 /HVpWXGHVGHWUDQVFULSWLRQGHJqQHVV¶LQVFULYHQWSDUIDLWHPHQWGDQVO¶LGHQWLILFDWLRQGHV
gènes impliqués dans la réponse plastique de plusieurs populations soumises ou non à des 
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changements environnementaux (Hoffmann et Willi 2008). Cependant, une des limites des 
DSSURFKHVjKDXWGpELWFRPPHOHVSXFHVj$'1RXODPpWKRGHOHVpTXHQoDJHPDVVLIG¶$'1
complémentaires réside dans le grand nombre de gènes identifiés comme différentiellement 
transcrits. Toutes les inductions ou répressions de gènes ne sont pas forcément directement 
liées au changement des conditions environnementales (exposition à des polluants par 
exemple). Une étude a par exemple comparé les résultats de puces à ADN de plusieurs études 
WUDLWDQW GH O¶LPSDFWG¶XQGpILFLW HQ HDX VXU ODELRORJLHG¶Arabidopsis thaliana. Sur les trois 
études, plus de 800 gènes étaient sur-transcrits mais finalement seulement 27 gènes étaient 
communément retrouvés dans les trois études (Bray 2004). Ce très faible nombre de gènes est 
sûUHPHQW OLp DX[ FRQGLWLRQV H[SpULPHQWDOHV TXL Q¶pWDLHQW SDV H[DFWHPHQW identiques 
(conditions de maintenance des plantes, âge des plantes), ou bien à des génotypes utilisés 
GLIIpUHQWV 1pDQPRLQV HOOH PHW HQ pYLGHQFH O¶LPSDFW GH OD YDULDWLRQ ELRORJLTXH VXU OD
WUDQVFULSWLRQ GHV JqQHV HW VRXOLJQH FODLUHPHQW O¶LPSRUWDQFH de multiplier et croiser les 
expérimentations afin de répondre à une question biologique donnée/¶DXWUHOLPLWDWLRQGHV
DSSURFKHVjKDXWGpELWFRQFHUQHO¶DQDO\VHGHVUpVXOWDWV'DQVODSXEOLFDWLRQ,9SDUH[HPSOH
O¶H[SRVLWLRQ GH ODUYHV GH PRXVWLTXHV j FHUWDLQV [pQRELRWLTXHV FRPPH OH SURSR[XU HW
O¶LPLGDFORSULGHPRGLILHOHQLYHDXGHWUDQVFULSWLRQGH 318 et 239 gènes respectivement (étude 
sur le transcriptome entier). Dans ces situations, une analyse uniquement JqQHSDUJqQHQ¶HVW
SDVFRQFHYDEOHHWG¶DXWUHVDSSURFKHVVRQWXWLOHV3OXVLHXUVRXWLOVH[LVWHQWSRXUKLpUDUFKLVHUOHV
jeux de données (« clustering ») permettant ainsi de dégager des grands patrons de 
transcription (Eisen et al. 1998, Laderas et McWeeney 2007). Les approches par clustering 
se basant uniquement sur des rapports de transcriptions, peuvent être complétéeVDYHFG¶DXWUHV
approches plus fonctionnelles FRPPHO¶pWXGHGHVFDWpJRULHVIRQFWLRQQHOOHVUHSUpVHQWpHVSDU
les termes GO (Gene Ontology) (Topalis et al. 2008)/¶RQWRORJLHGHVJqQHVFRQVLVWHjFODVVHU
les gènes selon leur fonction probable dans trois grandes catégories GO (cellular component, 
biological process and molecular function) elles-mêmes subdivisées en sous-catégories 
KLpUDUFKLVpHV 'HV RXWLOV VWDWLVWLTXHV SHUPHWWHQW GH PHVXUHU O¶HQULFKLVVHPHQW G¶XQH RX
plusieurs catégories parmi les gènes significativement sur- ou sous-transcrits par rapport à 
tous les gènes du jeu de données transcriptomique (Bauer et al. 2008, Huang et al. 2009). 
'DQVQRWUHFDVQRXVDYRQVSURFpGpjGHVDQDO\VHVG¶HQULFKLVVHPHQWHQ*2WHUPVFKH]QRV
souches résistantes avec le logiciel « ontologizer » (Bauer et al. 2008) mais ces analyses sont 
IRUFpPHQWELDLVpHVSXLVTX¶XQHSDUWLHLPSRUWDQWHGXJpQRPHG¶Ae. aegypti Q¶HVWSDVDVVociée à 
GHV WHUPHV *2 'H SOXV QRXV DYRQV UHPDUTXp TXH O¶LGHQWLILFDWLRQ GH WHUPHV *2 VXU-
UHSUpVHQWpV j O¶DLGH GH FH ORJLFLHO SRXYDLW rWUH ELDLVp ORUVTXH OH QRPEUH GH JqQHV WURXYpV
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différemment transcrits est faible (mauvaise gestion des tests de correction multiple). Aussi, il 
P¶DSSDUDLWLPSRUWDQWGHVRXOLJQHUTX¶LOFRQYLHQWGHVHPpILHUGHVDQQRWDWLRQVGHJpQRPHVHW
des analyses statistiques automatisées sur les grands jeux de données. 
 Une autre approche intéressante serait de combiner nos résultats de transcriptomique 
DYHFG¶DXWUHVDSSURFKHVWHOOHVTXHODmétabolomique&HWWHGLVFLSOLQHUpFHQWHV¶LQWpUHVVHjOD
FDUDFWpULVDWLRQGXPpWDEROLVPHjO¶pFKHOOHJOREDOH(QFRPSDUDQWSDUH[HPSOHGHVRUJDQLVPHV
exposés ou non à des xénobiotiques, il est possible de répertorier tous les métabolites présents 
GDQV OHV FHOOXOHV WLVVXV RUJDQHV HW IOXLGHV ELRORJLTXHV HW G¶DYRLU XQH YLVLRQ JOREDOH GX
métabolisme et des mécanismes potentiellement impliqués (Kaddurah-Daouk et al. 2008). 
Cette approche peut utiliser différents outils tels que la chromatographie en phase gazeuse 
couplée à de la spectrométrie de masse ou bien la résonance magnétique nucléaire. Bien sûr, 
de puissants outils de bioinformatiques sont aussi nécessaires pour traiter les données car la 
WDLOOH GHV MHX[ GH GRQQpHV REWHQXV HVW LPSRUWDQWH 8QH pWXGH UpFHQWH V¶HVW QRWDPPHQW
LQWpUHVVpHDX[LQWHUDFWLRQVHQWUHSODQWHVHWLQVHFWHVHQpWXGLDQWOHPpWDERORPHFKH]O¶LQVHFWHHW
sa plante hôte. Elle a mis en évidence de nouveaux composés bioactifs impliqués dans les 
interactions entre plantes et leurs herbivores (Jansen et al. 2009). Dans une autre étude, les 
DSSURFKHVWUDQVFULSWRPLTXHHWPpWDERORPLTXHRQWpWpFRPELQpHVDILQGHG¶pWXGLHUODUpSRQVH
de différentes souches de ri]jO¶LQIHFWLRQSDUODEDFWpULHXanthomonas oryzae. Ce protocole 
V¶HVW PRQWUp HIILFDFH SRXU O¶pWXGH DSSURIRQGLH GH SURFHVVXV FRPSOH[HV WHOV TXH O¶LQIHFWLRQ
G¶XQ RUJDQLVPH SDU XQ SDWKRJqQH HW O¶LPPXQLWp (Sana et al. 2010). Des outils statistiques 
permettant de corréler les données métabolomiques et transcriptomiques ont déjà été 
développés (Bylesjo et al. 2007)(Figure 41). En utilisant ces approches sur des moustiques 
exposéVRXQRQjGHV[pQRELRWLTXHVHWLQVHFWLFLGHVLOVHUDLWDORUVSRVVLEOHG¶REWHQLUXQHYLVLRQ









Afin de détecter les gènes potentiellement impliqués dans la résistance à la 
perméthrine des trois souches Noexp-Perm, Fluo-Perm et Perm-Perm, une approche à haut 
débit par puces à ADN a également été utilisée. Cette approche a permis de détecter les gènes 
différentiellement transcrits par rapport à la souche non sélectionnée et potentiellement 
impliqués dans la résistance à la perméthrine. Cependant, elle ne permet pas de détecter la 
UpVLVWDQFH OLpH j GHV PXWDWLRQV RX j OD VpOHFWLRQ G¶DOOqOHV SDUWLFXOLHUV 3DU H[HPSOH XQH
YDULDWLRQ GH OD VpTXHQFH SURWpLTXH G¶XQH HQ]\PH GH Gptoxication (mutation ou variation 
DOOqOLTXH SHXW HQWUDvQHU XQH PHLOOHXUH PpWDEROLVDWLRQ GH O¶LQVHFWLFLGH VDQV TX¶LO \ DLW
surexpression du gène pour autant. D¶DXWUHV DSSURFKHV VRQW donc nécessaires telles que les 
approches QTL (quantitative trait loci) qui permettent de détecter les régions du génome dans 
lesquelles des changements adaptatifs ont pris place, incluant des changements génétiques et 
altérations protéiques (Hoffmann et Willi 2008). Ces approches sont relativement lourdes à 
réaliser mais apportent de nombreux éléments utiles à la compréhension des processus de 
sélection. Elles permettent également de détecter les résistances liées à des éléments 
transposables, séquences ADN capables de se déplacer, de se multiplier et de V¶LQVpUHUGDQV
G¶DXWUHV UpJLRQV GX JpQRPH Ainsi, chez la drosophile, la sur-transcription de CYP6G1, 
responsable de la UpVLVWDQFHDX''7HVWOLpHjO¶LQVHUWLRQG¶XQpOpPHQWWUDQVSRVDEOHHQDPRQW
du gène (Schmidt et al. 2010).  
Figure 41: Exemple d'approche combinant transcriptomique et métabolomique 
G¶DSUqV(Bylesjo et al. 2007) 
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Enfin, les études au niveau GXWUDQVFULSWRPHHQWLHUQLYHDXG¶H[SUHVVLRQHWYDULDWLRQV
de séquence des ARNm) par « RNA sequencing » sont en cours de développement au LECA. 
Pour cela, les ARN totaux issus des trois souches résistantes à la perméthrine ont aussi été 
utilisés pouUUpDOLVHUGHVEDQTXHVG¶$'1FHQVXLWHVpTXHQFpHVVXU*pQRPH$QDO\]HU,,VROH[D
(plus de 60 millions de séquences de 75 pb obtenues par souche) et les résultats sont 
DFWXHOOHPHQW HQ FRXUVG¶DQDO\VHELRLQIRUPDWLTXH&HWWH DSSURFKHSHUPHWWUDGH WUDYDLOOHU VXU 
O¶HQVHPEOH GX transcriptome tout en validant les résultats précédemment obtenus avec les 
SXFHV j $'1 &HWWH DSSURFKH GHYUDLW DXVVL SHUPHWWUH GH V¶DIIUDQFKLU XQ SHX SOXV GH
O¶DQQRWDWLRQ HQFRUH LPSDUIDLWH du génome ORFDOLVDWLRQ GHV JqQHV HW G¶LGHQWLILHU G¶DXWUHV
mécanismes impliqués dans la régulation des gènes liés à la résistance aux insecticides et la 
réponse aux xénobiotiques (nouveaux gènes, transcrits alternatifs, ARN de régulation, 
variations alléliques«1pDQPRLQVLOIDXWQRWHUTXHO¶DSSURFKHSDU « RNA sequencing » ne 
SHUPHWSDV j O¶KHXUH DFWXHOOHGHPHVXUHUSUpFLVpPHQW OHV IUpTXHQFHV DOOqOLTXHV FDU FHOOHV-ci 
VRQWELDLVpHVSDUOHVGLIIpUHQFHVG¶H[SUHVVLRQGHV$51PHVVDJHUVFRUUHVSRQGDQWV 
 
2/ Validation fonctionnelle 
$X FRXUV GH PD WKqVH M¶DL FKHrché à développer différentes méthodes basées sur le 
SULQFLSHGHO¶$51LQWpUIpUHQWFKH]GHVODUYHVGHPRXVWLTXHV/¶LQWpUrWGHFHWWHDSSURFKHpWDLW
de pouvoir inhiber VSpFLILTXHPHQW O¶H[SUHVVLRQ G¶XQ JqQH XQ JqQH GH GpWR[LFDWLRQ SDU
exemple) pour pouvoir WHVWHU SDU ELRHVVDLV VRQ U{OH GDQV OD WROpUDQFH j O¶LQVHFWLFLGH
0DOKHXUHXVHPHQWDXFXQHGHFHVDSSURFKHVQ¶DpWpFRQFOXDQWHHWFH WUDYDLOPpWKRGRORJLTXH
reste inachevé. Considérant le grand nombre de paramètres (gène visé, localisation des 
transcrits, desLJQGHV$51GEWUDQVSRUWGH$51GEHWF«LQWHUYHQDQWGDQVOHVSURFHVVXVPLV
HQ MHX[ LO QRXV DSSDUDvW DXMRXUG¶KXL GLIILFLOH G¶LGHQWLILHU OH RX OHV SDUDPqWUHV j RSWLPLVHU
&HSHQGDQW OD PpWKRGH GH O¶$51 LQWHUIpUHQW VXU ODUYHV GH PRXVWLTXHV au pu, à notre 
connaissance être appliquée dans deux études : O¶XQH SDU LQMHFWLRQ G¶$51GE (Blitzer et al. 
2005) HW O¶DXWUH SDU LQJHVWLRQ G¶$51GE (Zhang et al. 2010). Dans la deuxième étude, des 
$51GEFRXSOpVjGHVQDQRSDUWLFXOHVRQWSHUPLVG¶pWHLQGUHGHSOXVGHOHVWUDQVFULWVGX
gène AgCH1 FRGDQWSRXU ODFKLWLQ V\QWKDVH&HWWHpWXGHPRQWUH O¶LPSRUWDQFHGHFRQFHQWUHU
OHVPROpFXOHVG¶$51GEVXUXQVXSSRUWLQJpUDEOHSDUOHVODUYHVDILQG¶DPpOLRUHUO¶HIILFDFLWp de 




 Une autre aSSURFKHSRXYDQWrWUHXWLOLVpHSRXUGpPRQWUHUO¶LPSOLFDWLRQGHVJqQHVGDQV
ODPpWDEROLVDWLRQGHV LQVHFWLFLGHVHVW O¶H[SUHVVLRQKpWpURORJXHGHVHQ]\PHVGHGpWR[LFDWLRQ
/H SULQFLSH JOREDO GH OD PpWKRGH HVW GH SURGXLUH O¶HQ]\PH FRGpH SDU OH JqQH FDQGLGDW HQ
s\VWqPH KpWpURORJXH HW GH PHWWUH HQVXLWH HQ SUpVHQFH O¶HQ]\PH DYHF OH [pQRELRWLTXH HW GH
mesurer sa métabolisation. Cette caractérisation fonctionnelle comprend plusieurs étapes 
ORQJXHVHWGpOLFDWHV/HJqQHHVWG¶DERUGFORQpGDQVXQ SODVPLGHSHUPHWWDQWO¶Hxpression de la 
protéine correspondante en système hétérologue (bactérie, OHYXUHRXELHQFHOOXOHVG¶LQVHFWHV
et sa surexpression grâce à un promoteur inductible. Les CYPs sont des enzymes 
membranaires qui pour leur fonctionnement ont besoin de cofacteurs (NADPH cytochrome 
P450 réductase entre autre), de NADPH, etc. La difficulté est donc de recréer un système 
enzymatique in-vitro fonctionnel comprenant ces éléments. Différents facteurs peuvent 
HPSrFKHU O¶H[SUHVVLRQ in vitro de la protéine. Le premier est la différence de codage des 
protéines selon les organismes : un biais au niveau des codons aboutit à la synthèse de 
SURWpLQHVWURQTXpHVQRQIRQFWLRQQHOOHV/¶DEVHQFHGHIRnctionnalité peut également provenir 
G¶XQH PDXYDLVH FRQIRUPDWLRQ GH OD SURWpLQH OLpH SDU H[HPSOH j un ancrage membranaire 
inadapté (Larbat et al. 2007, Larbat et al. 2009). Une fois la protéine produite et purifiée, des 
expériences de métabolisme de divers substrats poteQWLHOVGHO¶HQ]\PHdoivent être réalisées. 
Cependant, ces techniques sont relativement complexes notamment au niveau de leur mise au 
point (HPLC, spectrographe de masse). Cette approche est actuellement en cours de 
développement au LECA par Alexia Chandor-Proust qui cherche à exprimer en système 
levure différents CYPVFRPPH&<3=&<3=&<30&<31/¶H[SUHVVLRQGHOD
glutathion S-tranférase GSTe7 a aussi été réalisée avec succès chez E. coli. Cette approche ne 
SHXWPDOKHXUHXVHPHQWV¶DSSOLTXHUTX¶DXx gènes susceptibles de métaboliser les insecticides. 
Les autres gènes candidats, qui pourraient intervenir de façon indirecte dans la métabolisation 
GHVLQVHFWLFLGHVQHSHXYHQWrWUHYDOLGpVTXHSDUO¶DSSURFKH$51L 
Ainsi ces deux approches sont complémentaires (Q HIIHW O¶XWLOLVDWLRQ GH OD
WHFKQLTXH GH O¶$51 LQWHUIpUHQW YD SHUPHWWUH GH GLUH VL RXL RX QRQ OH JqQH FRGH SRXU XQH
SURWpLQH LPSOLTXpH GDQV O¶DXJPHQWDWLRQ GH WROpUDQFH j O¶LQVHFWLFLGH VDQV DXFXQ à priori des 
PpFDQLVPHVLPSOLTXpV/¶DSSURFKHSDUHxpression en système hétérologue permettra quant-à-
HOOHGHWHVWHUODFDSDFLWpGHGLIIpUHQWHVHQ]\PHVjPpWDEROLVHUO¶LQVHFWLFLGHVDQVSRXUDXWDQW
démontrer leur importance relative dans le phénotype observé. 
'¶DXWUHV DSSURFKHV IRQFWLRQQHOOHV SOXV ORXUGHV HW QpFHVVLWDQW O¶XVDJH GH VRXFKHV
transgéniques existent. Une première méthode consiste à créer une ligné transgénique où le 
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gène ciblé a été éteint ou altéré (« Gene knockout ») (Rong et Golic 2001) SXLVG¶REVHUYHU
ensuite le phénotype pour déterminer la fonction. Une autre approche permet de contrôler 
O¶H[SUHVVLRQ GX JqQH FLEOp SDU O¶LQWHUPpGLDLUH GX V\VWqPH UAS-GAL4. Ce système est 
largement utilisé chez la drosophile pour la surexpression ciblé de transgènes et permet ainsi 
de déterminer leur fonction. Grâce à cette méthode, il a été montré par exemple que la 
surexpression induite du gène CYP12A4 GDQVO¶LQWHVWLQHWOHVWXEHVGH0DOSLJKLHQWUDvQHXQH
amélioration de la tolérance vis-à-vis du lufenuron chez la drosophile (Bogwitz et al. 2005). 
De la même manière, des niveaux de résistance plus importants ont été trouvés dans des 
lignés de drosophile surexprimant CYP6G1 (pour DDT, nitenpyram et dicyclanil), CYP6G2 





Dans leur environnement naturel, les larves de moustiques sont continuellement 
H[SRVpHVjGHV[pQRELRWLTXHVG¶RULJLQHQDWXUHOOHRXDQWKURSLTXH -XVTXH-là, SHXG¶pWXGHVVH
sont intéressées à leur impact potentiel sur la biologie des moustiques. Au cours de ma thèse, 
M¶DL SXPRQWUHUTXH O¶H[SRVLWLRQGH larves de moustiques à des doses environnementales de 
SROOXDQWV RX GH UpVLGXV G¶LQVHFWLFLGHV Q¶HQWUDvQDQW SDV GH PRUWDOLWp SRXYDLW PRGLILHU OHXU
tolérance aux insecticides chimiques mais aussi entraîner des changements importants au 
niveau de la transcription de nombreux gènes dont certain codant pour des enzymes de 
détoxication.  
$ SOXV ORQJ WHUPH M¶DL SX PRQWUHU TXH GHV H[SRVLWLRQV UpSpWpHV j GHV SROOXDQWV
combinées à une sélection avec un insecticide pouvaient affecter la sélection des gènes 
notamment en favorisant la sélection de gènes potentiellement impliqués dans la 
métabolisation des xénobiotiques. 
Le recoupement de plusieurs approches aura permis de dégager plusieurs gènes 
candidats comme CYP6M11, CYP6N12 et CYP6Z8 potentiellement impliqués dans les 
interactions gènes environnement et le métabolisme des insecticides. La priorité pour la suite 
VHUD G¶XQH SDUW OD FDUDFWpULVDWLRQ IRQFWLRQQHOOH GH FHV JqQHV FDQGLGDWV HQ FRPELQDQW GHV
approches par ARN interférent sur moustiques adultes couplées à des bLRHVVDLVHWG¶DXWUHSDUW
de mesurer le métabolisme des insecticides par ces enzymes exprimées en système 
hétérologue. 
'¶XQ SRLQW GH YXH IRQGDPHQWDO HW DSSOLTXp FHWWH WKqVH D SHUPLV XQH PHLOOHXUH
FRPSUpKHQVLRQ GH O¶LPSDFW GH O¶HQYLURQQHPHQW chimique sur les mécanismes de résistance 
des populations de moustiques aux insecticides. Ces mécanismes sont illustrés dans la Figure 
42&HWWHpWXGHDXUDG¶XQHSDUWFRQILUPpOHU{le de certaines familles enzymatiques comme les 
CYPV GDQV OD SURWHFWLRQ GH O¶RUJDQLVPH YLV-à-vis des xénobiotiques mais aussi dégagé de 
nombreux autres mécanismes pouvant être impliqués dans la réponse des moustiques à leur 
environnement chimique. Dans les milieux contaminés par des xénobiotiques, le phénotype 
observé chez les insectes est la résultante de nombreuses composantes OLpHVG¶XQHSDUWjla 
sélection GH FHUWDLQV SURFHVVXV PRGLILFDWLRQ GX JpQRPH HW G¶DXWUH SDUW j OD plasticité 
phénotypique des individusFHVGHX[SURFHVVXVG¶DGDSWDWLRQLQWHUDJLVVDQW O¶XQDYHFO¶DXWUH
de façon complexe (Figure 42). Afin de compléter ces recherches majoritairement réalisées en 
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ODERUDWRLUH G¶DXWUHV DSSURFKHV GH YDOLGDWLRQ VXU OH WHUUDLQ VRQW QpFHVVDLUHV XWLOLVDWLRQ GH
souches issues de zones polluées RXQRQELRHVVDLVDYHFGHVHDX[GHWHUUDLQSROOXpHVHWF«
&HVWUDYDX[SHUPHWWURQWG¶DSSRUWHUGHVUpSRQVHVDILQG¶RSWLPLVHUOHVWUDLWHPHQWVLQVHFWLFLGHV
en milieux pollués permettant une meilleure gestion des populations de moustiques. 
En raison de la complexité des questions biologiques posées dans cette thèse, des 
expérimentations à très haut débit étaient nécessaires. Les très grands jeux de données obtenus 
ont apporté de nombreuses réponses mais ont également soulevé de nombreux autres points 
G¶LQWHUURgation/HIDFWHXUOLPLWDQWSRXUO¶LQWHUSUpWDWLRQGHVUpVXOWDWVVHVLWXHDXMRXUG¶KXLGDQV
O¶DQDO\VHGHVGRQQpHVHWGDQVO¶DQQRWDWLRQLQFRPSOqWHGHVJpQRPHV'HSOXV LOHVWHVVHQWLHO
GHYDULHUOHVPpWKRGHVHWOHVRXWLOVG¶DQDO\VHGHGRQQpHVDILQG¶H[WUDLUH des jeux de données le 
SOXV GH UpSRQVHV SRVVLEOHV /¶DYHQLU SHUPHWWUD DXVVL GH FRPELQHU FHs approches de 
transcriptomique DYHFG¶DXWUHVDSSURFKHVGHSURWpRPLTXHHWGHPpWDERORPLTXH 
3DUO¶RULJLQDOLWpGHVRQDSSURFKHFRPELQDQWHQYLURQQHPHQWHWELRORJLHGHV moustiques 
ainsi que de par sa pluridisciplinarité, cette thèse aura été très enrichissante et passionnante.  
Ayant décidé de poursuivre dans ce domaine de recherche, je travaillerai au cours de mon 
futur post-GRFWRUDW j O¶pFROH GH PpGHFLQH WURSLFDOH GH /iverpool (LSTM), sur la 
compréhension des mécanismes de résistances aux insecticides chez An. gambiae. Cela 
passera par le développement de nouveaux outils de criblage global mais aussi par la 
caractérisation fonctionnelle de gènes potentiellement impliqués dans la résistance des 





Figure 42 : Schéma de synthèse décrivant les mécanismes adaptatifs de la réponse des moustiques à la SUHVVLRQ GH O¶HQYLURQQHPHQW
chimique. Le phénotype (= réponse) observé apparait comme la résultante de deux grandes composantes  que sont la plasticité phénotypique et la 
modification du génotype. Cette dernière est influencée par quatre forces majeures que sont la sélection, la mutation, la migration et la dérive 
génétique. Des interactions entre plasticité phénotypique et modification du génotype sont susceptibles de se produire dans les deux sens. Ainsi 
O¶RUJDQLVPH, sous la pression de son environnement, va V¶DGDSWHU HQ PRGLILDQW VRQ SKpQRW\SH HW VRQ JpQRW\SH GH IDoRQ j RSWLPLVHU VD YDOHXU
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Préparation des papiers insecticides imprégnés de perméthrine : 
- Découper des papiers filtres aux dimensions de 15 x 11 cm (Dimensions 
compatibles pour les tubes de test OMS) 
- Préparer une solution de SHUPpWKULQHjPJ/GDQVGHO¶DFpWRQH 
- Dans un tube falcon, mélanger 4 ml de solution de perméthrine à 3mg/L avec 8 ml 
G¶KXLOHG¶olive et bien remuer pour mélanger. 
- Rouler les papiers filtres découpés précédemment et les tremper dans le tube 
falcon pendant 5 minutes. 
- 5HWLUHUOHVSDSLHUVHWOHVODLVVHUVpFKHUVRXVKRWWHDVSLUDQWHHWjO¶DEULVGHODOXPLqUH






Les moustiques génèrent une nuisance importante et sont notamment contrôlés grâce à 
GHVWUDLWHPHQWVLQVHFWLFLGHV$XMRXUG¶KXLOHVJvWHVRVHGpYHORSSHQWOHXUVODUYHVVRQWVRXYHQW
pollués par des xénobiotiques environnementaux (hydrocarbures, pesticides, toxines 
QDWXUHOOHV« -XVTX¶j SUpVHQW O¶LPSDFW GH FHV [pQREiotiques sur la capacité des larves de 
moustiques à résister aux insecticides chimiques reste méconnu. Cette thèse vise à étudier la 
réponse des larves G¶$HGHVDHJ\SWL aux xénobiotiques environnementaux et leur impact sur 
leur capacité à résister aux insecticides chimiques. 
Une première étude, sur le court terme (une seule génération), montre que des larves 
exposées pendant quelques heures à divers xénobiotiques présentent une tolérance accrue à 
différents insecticides chimiques. Grâce à plusieurs études de transcriptomique, nous avons 
montré que de nombreux gènes de détoxication, codant majoritairement pour des 
monooxygénases à cytochrome P450s (CYPs), étaient induits suite à cette exposition, 
VXJJpUDQW OHXU U{OH SRWHQWLHO GDQV O¶DXJPHQWDWLRQ GH WROpUDQFH GHV ODUYHV DX[ LQVHFticides. 
1RXV DYRQV DXVVL PRQWUp TXH G¶DXWUHV JqQHV UpSRQGDLHQW j O¶H[SRVLWLRQ GHV ODUYHV DX[
xénobiotiques tels que des gènes codant pour des protéines cuticulaires, transporteurs ABC, et 
de nombreuses enzymes, suggérant une réponse globale au stress.  Cette capacité de réponse 
DXVWUHVVFKLPLTXHSRXUUDLWDXVVLrWUHLPSOLTXpHGDQVO¶DXJPHQWDWLRQGHWROpUDQFHGHVODUYHV
de moustiques aux insecticides. Nous avons pu montrer que parmi les gènes CYPs, certains 
FDQGLGDWV UpSRQGDLHQW j O¶H[SRVLWLRQ DX[ [pQRELRWLTXHV et étaient majoritairement transcrits 
dans des tissus fortement impliqués dans la détoxication tels que les tubes de Malpighi et 
O¶LQWHVWLQ *OREDOHPHQW FHWWH SUHPLqUH SDUWLH GpPRQWUH O¶LPSDFW GHV SROOXDQWV
environnementaux sur le métabolisme des moustiques et le lien potentiel avec leur tolérance 
aux insecticides. Enfin, ces travaux mettent évidence la complexité des interactions biotiques 
entre les xénobiotiques et les insecticides, notamment au niveau de la régulation de 
O¶H[SUHVVLRQGHVJqQHV 
/¶DXWUHREMHFWLIGHFHWWH WKqVHDFRQVLVWpjpWXGLHU O¶HIIHW j ORQJ WHUPH VXUSOXVLHXUV
générations) des xénobiotiques sur la sélection des mécanismes de résistance aux insecticides 
FKH]OHVPRXVWLTXHV3RXUFHODWURLVVRXFKHVG¶Aedes aegypti exposée ou non à des doses sub-
OpWDOHV GH [pQRELRWLTXHV RQW pWp VpOHFWLRQQpHV DX ODERUDWRLUH DYHF O¶LQVHFWLFLGH FKLPLTXH
perméthrine. Après 10 générations de sélection, les trois souches présentent toutes une 




En parallèle, la validation fonctionnelle du rôle de plusieurs gènes codants pour des 
CYPs dans la réponse aux insecticides a été initiée. Pour cela un travail méthodologique a été 
mené afin de tenter de mettre au point une approche par ARN interférant chez les larves de 
moustiques. Deux approches distinctes ont été testées : par ingestion ou bien par injection 
G¶$51VGRXEOH brins. 
D'une manière globale, cette thèse permettra de mieux comprendre O¶LPSDFW GH
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Mosquitoes have a major impact on public health due to their capacity to transmit human 
GLVHDVHV7RFRQWUROWKHPLQVHFWLFLGHVKDYHEHHQKHDYLO\XVHGVLQFHWKH¶VOHDGLQJWR the 
emergence of insecticide resistance mechanisms which are now threatening vector control 
programs. Today, wetlands where mosquito larvae develop are frequently contaminated by 
environmental xenobiotics (e.g. residual insecticides, agrochemicals, pollutants and plant 
allelochemicals) and little is known about the impact of these molecules on the capacity of 
mosquitoes to resist insecticides. In this context, the aim of my thesis is to investigate the 
response of mosquito larvae to xenobiotic exposures and the impact of these molecules on 
their ability to resist insecticides. 
)LUVW WKHVWXG\RIWKHµVKRUW WHUP¶VLQJOHJHQHUDWLRQHIIHFWRI[HQRELRWLFVUHYHDOHGWKDW
mosquito larvae exposed for few hours to sub-lethal doses of various xenobiotics can become 
more tolerant to several chemical insecticides. Thanks to different transcriptomic approaches, 
we showed that several detoxification genes, especially those encoding cytochrome P450 
monooxygenases (CYPs), were induced by various xenobiotics which could explain the 
increased tolerance of mosquito larvae to insecticides. Other genes encoding cuticular 
proteins, ABC transporters and various enzymes also responded to xenobiotic exposures 
suggesting a global stress response to chemicals which can also have an impact RQPRVTXLWR¶V
tolerance to insecticides. We also demonstrated that several candidate P450s responding to 
various pollutants, are preferentially transcribed in gastric caeca, midgut and malpighian 
tubules, known to play an important role in xenobiotic metabolism. Overall, these studies 
evidenced the significant impact of environmental xenobiotics on mosquito larvae metabolism 
and consequences regarding their tolerance to chemical insecticides. These studies also 
revealed the complexity of biotic interactions between environmental xenobiotics and 
insecticides in mosquitoes, especially regarding the regulation of gene expression.  
7KHRWKHUDLPRIP\WKHVLVZDVWRLQYHVWLJDWHWKHµORQJWHUP¶DFURVVVHYHUDOJHQHUDWLRQV
impact of xenobiotics on the selection of insecticide resistance mechanisms in mosquitoes. To 
achieve this, three strains of the mosquito Aedes aegypti, exposed or not to sublethal doses of 
pollutant or residual insecticide, were selected with the pyrethroid insecticide permethrin. 
After 10 generations of selection, the three strains showed an increased resistance to 
permethrin compared to the susceptible strain.  Thanks to a microarray approach, we showed 
that the presence of pollutant or residual insecticide can affect the selection of multiple genes 
by the insecticide, especially those encoding detoxification enzymes. 
In parallel, the functional validation of genes encoding candidate P450s potentially 
involved in insecticide resistance has been initiated.  This included the development and 
testing of various interfering RNA methods for mosquito larvae based on the ingestion or 
injection of double stranded RNA. 
Globally, this research work will provide a better understanding of the impact of 
environment on insecticide resistance mechanisms in mosquitoes and will provide new 
insights for optimizing the control of vectors with chemical insecticides.  
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